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Abstract 

The lacrimal glands secret tear fluids, and maintain a 

homeostatic environment of healthy ocular surfaces.  

Dysfunction of the lacrimal glands causes the dry eye disease 

with tear shortage, which is one of prevalent eye diseases 

resulting in ocular discomfort, significant visual disturbances, 

and a reduced quality of life.  Secretory gland structure of 

the lacrimal gland consists of acini, ducts and myoepithelial 

cells. It occurs from the lacrimal gland germ through 

reciprocal epithelial–mesenchymal interactions during 

ontogenesis.  Strategies to restore the lacrimal gland function 

by regenerative medicine have expanded recently.  Cell 

injection therapy using lacrimal tissue stem cells has been 

developed by establishing animal models that can induce 

partial damage in the lacrimal glands.  Fully functional organ 

replacement using a bioengineered lacrimal gland has also 

been developed through a newly proposed three-dimensional 

stem cell manipulation, the organ germ Method.  Currently, 

it has demonstrated an innovative concept to induce lacrimal 

gland cells from human pluripotent stem cells by a direct cell 

conversion procedure using artificial mRNAs based on our 

understanding of genetic-engineering biology.  This study 

represented a significant advance in potential lacrimal gland 

organ regeneration from human pluripotent stem cells as a 

next regenerative therapy for dry eye disease.  In this review, 

we will summarize recent progress in lacrimal gland 

regeneration research and the development of bioengineered 

lacrimal gland organ regenerative medicine. 
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Introduction  

Current regenerative medicine, 

which has been advanced along with our 

understanding of developmental biology, stem 

cell biology, and tissue engineering, has 

estimated future prospects to realise 

next-generation medical therapies to restore 

injured organ function(1-3).  Application of 

ideas of regenerative medicine, including 

stem cell transplantation of purified 

tissue-derived stem cells and stem cell 

activation using cytokine, has been achieved 

clinically for various organs(4, 5).  For some 

kinds of severe diseases that can induce loss 

of organ function, such as malignant diseases, 

myocardial infarction, neurodegenerative 

diseases, and hepatic dysfunction, these stem 

cell therapies have been shown as attractive 

curable approaches(6-8).  Recent advances 

in tissue engineering technique have 

generated a cell sheet transplant as a 2D tissue 

regeneration for efficient functional 

restoration of damaged organs(9).  In the 

area of ophthalmology, the cell sheet 

transplant technique has clinically expanded 

as functional cell sheet transplantation, 

including cultivated corneal epithelial cell 

sheets and cultivated oral mucosal epithelial 

cell sheets, and has been used to treat severe 

ocular surface disorders(10-12).  Therapies 

using regenerative medicine have already 

been essential in ophthalmology to overcome 

vision-threatening corneal and retinal eye 

diseases(13, 14). 

Although a donor organ for 

transplantation surgery has provided 

promising benefits as a current clinical 

therapeutic approach for diseases with severe 

organ dysfunction, it would take much a 

significant amount of time to overcome 

profound medical issues from it, such as 

allogenic immunological rejection and 

shortage of donor(15).  Technologies that 

can make new medical devices including 

mechanical device and bio-artificial organs 

would contribute to solving the issue of 

building a functional substitute organ(16-19).  

To replace a damaged organ by disease, injury, 

and aging from a functional bioengineered 

organ, which is reconstructed in vitro 3D 

environment using stem cells, has been one of 

the expected goals for regenerative 

medicine(20).  In the next generation of 

regenerative medicine, it has been required to 

develop cell manipulation techniques in vitro, 

which uses precise arrangement of several 

different cell species and organ culture 

methods in a 3D environment, to realize 

functional bioengineered organ 

regeneration(21).  A novel cell culture and 

differentiation method has been needed for an 

establishment of available cell sources for 

organ regeneration that can contribute to 

development of 3D organs (22, 23).  

This review illustrates the physiology, 

function, diseases, and development of the 

lacrimal gland obtained from published 

research.  We show the potential for novel, 

fully functional lacrimal gland regeneration as 

a next-generation regenerative medicine.   

 

Physiology and function of the lacrimal 

glands 

The principle role of the lacrimal 

glands is to maintain stable healthy 

physiological functions of the ocular surface 

microenvironment by secreting aqueous 

tears(24-26).  Human have main lacrimal 

glands, which produce the bulk of aqueous 

tear volume, and small accessory lacrimal 

glands scattered throughout the ocular 

conjunctival epithelium(26).  The lacrimal 

glands employ a tubular-alveolar system 

organized by the acini in which the ducts 

carrying fluid from the acini to a mucosal 

surface.  The myoepithelial cells surround 

the acini and early duct elements to help the 

secretion of tears(26).  The lacrimal glands 
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receive elaborate neural regulation to 

physiologically secret tears, i.e. tear-reflex 

loop system in response to a stimulation on 

ocular surface. Aqueous tears secreted from 

the lacrimal glands form layers of tear film on 

ocular surface with tear lipids and mucins for 

the microenvironment of corneal epithelium 

and for optical properties of visual 

functions(27-29).  The lacrimal glands 

produce various kinds of tear proteins 

including lactoferrin working for biological 

functions such as moisturizing capacity and 

antimicrobial activity(30-32).  Tear functions 

sustained by the lacrimal gland functionality 

are necessary to preserve the physiologically 

normal ocular surface epithelium and visual 

functions. 

 

The dry eye disease 

A tear deficiency caused by lacrimal 

gland dysfunction that results from systemic 

diseases and environmental exposures, such 

as Sjogren’s syndrome and ocular cicatricial 

pemphigoid, or others, including aging, visual 

display work, contact lens use, dry 

environments and refractive surgery, lead to 

the onset of the dry eye disease (DED)(33-41).  

In DED, there are various ocular symptoms 

including ocular discomfort and significant 

decrease of visual function(42-45). In severe 

cases, it can be a cause of loss of vision due to 

a disruption of corneal epithelium 

homeostasis, such as keratinization, corneal 

ulcer, thinning, and perforation(46).  Normal 

tears from the lacrimal glands contain water, 

salts, hydrocarbons, proteins and 

lipids(47-49).  To substitute normal tear 

complexes, it has been expected to restore 

lacrimal gland function by using regenerative 

medicine(22, 50). 

 

Organogenesis of the lacrimal glands 

during development 

Various kinds of cells are distributed 

for constructing mature organs with efficient 

functionality in 3D histological architecture.  

The structure develops through a process of 

ontogenesis in the embryo. The lacrimal 

glands, as well as other ectodermal organs 

including teeth, hair follicles and salivary 

glands, demonstrate a common developmental 

strategy to form mature organs(26, 51). They 

occur from their organ germs via reciprocal 

epithelial and mesenchymal interactions(52).  

In embryonic ocular epithelium, the initial 

bud of the lacrimal gland germ is inducted by 

a process of branching morphogenesis (Figure 

1a, 1b)(53) .  
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Figure 1 

              Figure 1. The organogenesis of the mouse lacrimal glands 

a. The figure illustrates the lacrimal gland development during embryogenesis. 

b. Representative images of the mouse lacrimal gland germ organ development 

in vitro culture environment. Scale bars, 100 µm. Modified and reprinted from 

Hirayama et al.
22

 

Mouse lacrimal gland development 

reportedly starts at embryonic day (ED) 

13.5 through a tubular invagination of the 

ocular conjunctival epithelium at the 

temporal region of the eye(54).  After 

the invagination and elongation of the 

epithelium, the lacrimal gland germ 

expands the peripheral mesenchyme on 

ED 16.5, and rapidly proliferates for 

branching to make a lobule(55).  The 

fundamental structure of the lacrimal 

glands are achieved by ED 19, and then, 

the production of tear contents such as 

proteins and lipids starts by postnatal day 

7, at the time of eye opening.  In mice, 

the harderian glands secret tear lipids for 

the protection of ocular surface(56).  It 

develops on the nasal region of the 

conjunctival epithelium at ED 16 through 

a developmental branching process 

similar to that of the lacrimal glands. 

Mature harderian glands lie behind the 

eye(57, 58).  In humans, the harderian 

glands reportedly degrade(58, 59).  The 

delicate developmental biological series, 

such as branching morphogenesis, 

contribute to the modulation of the 

lacrimal gland development.  
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Cell injection therapy using tissue 

stem/progenitor cells in adult lacrimal 

glands 

New therapeutic ideas for 

restoration of the lacrimal gland functions, 

including functional replacement therapy 

using accessory salivary glands(60) and 

regenerative medicine(61), have been 

developed.  Currently, it has been 

reported that the lacrimal glands, as well 

as other secretory glands including 

salivary glands, the pancreas and 

mammary glands, have a capacity of 

self-renewal after tissue injury, which is 

mediated by tissue stem cells in adult 

tissue(62-64).  The tissue stem cells 

derived from adult tissue has been one of 

the candidates as an available cell source 

for cell injection therapy to regenerate 

organ functions after partial injury(65, 

66).  The repair process that can 

proliferate and reconstruct a secretory 

gland structure after inflammation and 

cell death in the excretory duct-ligated 

salivary glands has been shown when the 

ligation is released(67-69).  In the 

lacrimal glands, a possibility of an 

existence of tissue stem/progenitor cells 

in adult tissue has been reportedly 

implied.  The murine lacrimal gland 

injury model induced by interleukin-1 has 

described the recovery process mediated 

by tissue stem or progenitor cells 

expressing nestin and Ki67 and 

mesenchymal cells after injury(70-72).  

A small population of Krt15 expressing 

epithelial cells existing in the basal cells 

in the inter-canulated duct in mature 

lacrimal glands, where reportedly 

secretory gland tissue stem cells locate, 

has newly founded(73).  An epithelial 

cell progenitor population with c-kit+ 

dim/EpCAM+ /Sca1 - /CD34 - /CD45 -, 

which have been isolated from mouse 

lacrimal glands, express stem cell 

markers and the epithelial cell lineage 

marker, Runx1(74, 75). The epithelial 

progenitor cell populations can regenerate 

tubule-alveolar structure in vivo, and 

partially restore the lacrimal gland 

function by cell injection therapy. In 

humans, cells expressing stem cell 

markers including c-kit, ABCG2 and 

ALDH1 have been identified in the 

lacrimal glands(76, 77).  Evidence of 

tissue regeneration using adult tissue 

stem/progenitor cells has been integrated 

to realise functional restoration of the 

lacrimal glands in clinical use(78, 79). 

 

Fully functional lacrimal gland organ 

regeneration in vivo using the organ 

germ method 

a. Emerging a novel 3D cell 

manipulation method; the organ 

germ method and its application to 

the lacrimal gland regeneration 

 For a regeneration of functional 

bioengineered organs, the development of 

tissue-engineering technology to 

manipulate multiple kinds of cells to 

reconstruct 3D organs has been 
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required(21).  The organ germ method, a 

novel strategy to make bioengineered 3D 

organs through a reproduction of the 

developmental process during 

ontogenesis, has been proposed for the 

functional organ replacement and 

complete restoration of damaged 

organs(80).  In vitro construct of cell 

compartmentalization of epithelial and 

mesenchymal cells at a high cell density, 

manipulated by the organ germ method, 

could develop in a type I collagen gel 

matrix as a bioengineered organ germ(20).  

These bioengineered organ germs, 

including teeth and hair follicle germs, 

successfully developed in vivo by 

transplantation surgery and achieved 

physiological functions through 

cooperation with peripheral tissues at the 

transplantation site(81-83).  Developing 

the organ germ method expands a 

possibility to regenerate other ectodermal 

secretory organs; i.e. the salivary glands 

and lacrimal glands (Figure 2a, 2b)(23, 

50, 84-88). We investigated the utility of 

the organ germ method to regenerate a 

bioengineered lacrimal gland and restore 

its physiological function.  The 

bioengineered lacrimal gland germ, 

reconstituted of the epithelial and 

mesenchymal cells from the lacrimal 

gland germ of an ED 16.5 mouse, could 

reproduce the process of branching 

morphogenesis in organ culture in vitro 

(Figure 2c).  We could apply the organ 

germ method to make bioengineered 

harderian gland germs. 
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Figure 2 

 

 

 

Figure 2. The organ germ method for bioengineered organ regeneration 

a. Schematic illustration of the strategy for functional bioengineered lacrimal gland 

regeneration. The bioengineered lacrimal gland germs are reconstituted from epithelial and 

mesenchymal cells by the organ germ method.  

b. Representative images of making the bioengineered organ germs.  The embryonic 

mesenchymal cells is injected into the center of a collagen drop (left panel).  The isolated 

epithelial cells are subsequently injected into the drop adjacent to the mesenchymal cell 

aggregate (right panel).  

c. Images of the development of the bioengineered lacrimal glands. The bioengineered 

lacrimal glands and harderian glands develops in vitro culture. Scale bar, 100 µm. 

Modified and reprinted from Hirayama et al.
22
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b. Transplantation of a bioengineered 

lacrimal gland organ germ 

 A duct connection between the 

bioengineered lacrimal gland and the host 

lacrimal excretory duct of the host mouse 

is essential to drain tears to the ocular 

surface. The bioengineered lacrimal 

gland developed the excretory duct 

structure from the epithelial part, and 

successfully connected to the host 

lacrimal excretory duct in vivo by our 

thread-guided transplantation technique 

in an extra-orbital lacrimal gland 

removed mouse model (Figure 3a, 

3b)(81).    The bioengineered lacrimal 

gland and the bioengineered harderian 

gland reproduced the developmental 

process after the engraftment and 

achieved the proper secretory gland 

structure, such as acini, duct, 

myoepithelial cells and peripheral nerve 

fibres (Figure 3c). The bioengineered 

lacrimal gland can develop their secretory 

gland structure and integrate to peripheral 

tissues after transplantation. 

 

Figure 3 
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Figure 3. Transplantation and function of the bioengineered lacrimal glands. 

a. The bioengineered lacrimal gland germ after transplanting into a mouse with the 

extra-orbital lacrimal gland removed (arrowhead) (left panel; Scale bar, 1 mm) and at 30 

days after transplantation (right; Scale bar, 500 µm). Modified and reprinted from 

Hirayama et al.
22

 

b. The duct connection between the bioengineered lacrimal gland (red) and recipient 

lacrimal excretory duct (arrowheads). FITC-gelatin (green), which was injected from the 

host lacrimal excretory duct, could reach to the bioengineered lacrimal gland. Scale bars, 

100 µm. Modified and reprinted from Hirayama et al.
22

 

c. Immunohistochemical analysis of the bioengineered lacrimal gland after transplantation.  

The bioengineered lacrimal gland achieved correct secretory gland structure with 

aquaporin-5 (red, left), calponin (red, center) and neurofilament-H (NF-H, green, right). 

Scale bars, 50 µm.  Modified and reprinted from Hirayama et al.
22

 

d. The figure illustrates the neural tear reflex loop. Cooling stimulation on the ocular 

surface leads tear secretion from the lacrimal gland through the central nervous system.  

e. The images of the corneal surface of a normal lacrimal gland (upper), a lacrimal 

gland-defect mouse (center) and a bioengineered lacrimal gland-engrafted mouse (lower). 

The punctate staining area by fluorescein showed impaired area on corneal surface.  Scale 

bar, 1 mm.  Modified and reprinted from Hirayama et al.
22 

f. Representative images of the corneal epithelium. A normal mouse (upper), lacrimal 

gland defective mouse (center) and bioengineered lacrimal gland transplanted mouse 
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(lower) are shown.  Scale bars, 25 μm.  Modified and reprinted from Hirayama et al.
22 

 

 

c. Tear secretion and ocular surface 

protection effect of the bioengineered 

lacrimal gland  

 The Advantage of functional 

replacement using bioengineered lacrimal 

glands has been reconstructing more 

physiologically functions of the lacrimal 

glands(53). First, a coordination with 

neural functions, such as a lacrimation 

reflex, is critical to protect the ocular 

surface (Figure 3d)(89-91).  We 

demonstrated that the bioengineered 

lacrimal glands could produce tears in 

response to a cooling stimulation on 

ocular surface via host neural systems(92, 

93).  The bioengineered lacrimal glands 

can work in corporation with host neural 

functions.  Second, tears contain tear 

proteins, such as lactoferrin and lipids, 

which are important for physiological 

tear function including tear stability, 

wound repair and anti-bacterial 

effects(29).  In clinical therapy, 

autologous serum eye drop and albumin 

eye drop have been applied to substitute 

tear protein function for severe lacrimal 

gland dysfunction (94-96).  We clarified 

that tears from the bioengineered lacrimal 

glands contained major tear proteins such 

as lactoferrin.  These results indicated 

that the bioengineered lacrimal gland 

could reconstruct more physiologically 

lacrimal gland function.  The goal of the 

bioengineered lacrimal gland replacement 

therapy is to protect the ocular surface 

from DED.  Punctate keratitis diagnosed 

by fluorescein staining of the ocular 

surface(97, 98), corneal epithelial 

thinning, and corneal stromal fibroblast 

activation(99, 100) were observed in our 

DED model mouse with an extra-orbital 

lacrimal gland defect.  We demonstrated 

that these pathological changes were 

prevented by the transplantation of the 

bioengineered lacrimal gland (Figure 3e, 

3f).  This study proved that the 

bioengineered lacrimal gland could 

develop in vivo and achieve enough 

function to sustain a healthy ocular 

surface in DED.  

 

Induction of lacrimal gland cells from 

human pluripotent stem cells 

Technologies for organ 

regeneration using available cell sources 

including pluripotent stem cells have 

been expected to realize the future 

clinical application of the bioengineered 

organ replacement therapy.  In 

ophthalmology, it has been developed us 

a differentiation method of retina cells 

and corneal epithelium cells using 

specifically modified culture environment 

with chemical / biological reagents(101, 

102).  The iPSC-derived retinal pigment 

epithelial cell sheet has been engrafted in 
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clinical therapy to restore retina function 

in a blind patient(14).  A novel strategy 

based on direct cell conversion procedure 

has been proposed recently to induct 

lacrimal gland epithelial cell lineage from 

human pluripotent stem cells(103).  

Embryonic lacrimal gland epithelial cells, 

which have organ-inductive potential for 

bioengineered organs, are attractive 

candidate to be inducted from stem cells 

for LG organ regeneration(73).  Whole 

gene expression analysis of mouse 

embryonic lacrimal gland tissues and 

adult lacrimal glands using systems 

medicine approach has identified a set of 

genes, Pax6, Foxc1, Six1 and Six2, as 

core transcription factors specifically 

enriched in ED16.5 mouse lacrimal gland 

epithelium (Figure 4a).  Overexpression 

of the set of genes of PAX6, FOXC1, and 

SIX1, using synthetically modified 

mRNAs has demonstrated rapid and 

efficient induction of lacrimal gland 

epithelial like cells with characteristic 

morphological changes and expression of 

lacrimal gland epithelial cell markers and 

branching morphogenesis markers, 

including KRT15, BARX2, AQP5, and 

LTF, from human embryonic stem cells 

(Figure 4b and 4c, Table 1).  This study 

is the first report suggesting a possibility 

to differentiate lacrimal gland cells from 

human pluripotent stem cells. 

 

Figure 4 

 



Internal Medicine Review 

Functional lacrimal gland regeneration toward a next-generation organ replacement therapy 

August 2017 

10 

Copyright 2017 Internal Medicine Review. All Rights Reserved. Volume 3, Issue 8.  

 

Figure 4. Direct conversion method of the lacrimal gland epithelium from human ES cells 

using synthetic mRNA transfection. 

a. The figure illustrates a systems biology approach to find the lacrimal gland enriched 

transcription factors. 

b. A brief protocol of the synthetic mRNA transfection for the differentiation of the 

lacrimal gland epithelium like cells from human ES cells. 

c. Photographs of the differentiated cells after the induction using 3 transcription factors 

encoded mRNAs. Scale bar, 100um. Modified and reprinted from Hirayama et al.
103

 

 

Conclusions and future directions 

 The interest to regenerate 

lacrimal gland function for DED using 

regenerative medicine has been expanded 

recently. Various strategies of the lacrimal 

gland regeneration has developed from 

cell injection therapy using tissue stem 

cells to organ induction using pluripotent 

stem cells.  Bioengineered lacrimal 

gland germs exhibit 3D histological 

structure and proper physiological 

functions, including tear production in 

response to neural stimuli and ocular 

surface protection.  Attempts to 

differentiation of lacrimal gland cells and 

/ or lacrimal gland organs from stem cells 

would be one of the next goals of 

lacrimal gland regenerative medicine 

toward clinical application.  Studies to 

develop tissue-engineering technology 

for 3D organ induction from stem cells 

will be requested to realize the future 

practical clinical applications of organ 

replacement regenerative therapy.  

Differentiation of lacrimal gland cells in 

3D culture environment is one of the 

attractive concepts to make 3D lacrimal 

gland organs from stem cells.  Our 

direct conversion technique of the 

lacrimal gland epithelial like cells by 

overexpression of core transcriptional 

factors using synthetic modified mRNAs 
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is a proof-of-concept for lacrimal gland 

cell induction from human pluripotent 

stem cells, which can express markers for 

organ inductive potential including 

branching morphogenesis markers.  In 

addition, the establishment of cell fate 

conversion procedure using synthetic 

mRNAs provides substantial advances to 

overcome problems of genomic integrity 

in differentiated cells with vector-based 

genetic modification(104).  Whole gene 

expression analysis in human lacrimal 

glands has been reported to find enriched, 

specific genes in the lacrimal glands(105).  

It has been expected that the 

bioengineered organ regenerative therapy 

become an available therapeutic strategy 

to cure DED as the next-generation 

regenerative therapy. 
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Table 1. Contribution of transcription factors for the differentiation of lacrimal 

gland epithelium like cells. Modified and reprinted from Hirayama et al.
103 

 

Combination of TF 
Morphological change 

(Day 5) 

Expression of PAX6, BARX2, 

KRT15, AQP5, and LTF (Day 5) 

None Spindle No 

PAX6 Spindle No 

FOXC1 Smooth No 

SIX1 Smooth No 

SIX2 Round BARX2* 

PAX6+FOXC1 Elongate BARX2, KRT15, AQP5 

PAX6+SIX1 Smooth / spindle No 

PAX6+SIX2 Round / spindle No 

FOXC1+SIX1 Spindle No 

FOXC1+SIX2 Elongate BARX2, AQP5* 

PAX6+FOXC1+SIX1 Elongate PAX6, BARX2, KRT15, AQP5, LTF 

PAX6+FOXC1+SIX2 Spindle / elongate BARX2* 

  

The table was reprinted and modified from Hirayama et al (103). 


