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Abstract
Purpose In the current investigation, the effects of the mTOR inhibitors, Rapa and Torin1 on the TGF-β2-induced conjunc-
tival fibrogenesis were studied.
Study design Experimental research.
Methods 2D and 3D cultures of HconF were subjected to the following analyses; (1) planar proliferation evaluated by 
TEER (2D), (2) Seahorse metabolic analyses (2D), (3) subepithelial proliferation evaluated by the 3D spheroids’ size 
and hardness, and (4) the mRNA expression of ECM proteins and their regulators (2D and 3D).
Result Rapa or Torin1 both significantly increased planar proliferation in the non-TGF-β2-treated 2D HconF cells, but in 
the TGF-β2-treated cells, this proliferation was inhibited by Rapa and enhanced by Torin1. Although Rapa or Torin1 did not 
affect cellular metabolism in the non-TGF-β2-treated HconF cells, mTOR inhibitors significantly decreased and increased 
the mitochondrial respiration and the glycolytic capacity, respectively, under conditions of TGF-β2-induced fibrogenesis. 
Subepithelial proliferation, as evidenced by the hardness of the 3D spheroids, was markedly down-regulated by both Rapa 
and Torin1 independent of TGF-β2. The mRNA expressions of several ECM molecules and their regulators fluctuated in 
the cases of 2D vs 3D and TGF-β2 untreated vs treated cultures.
Conclusion The present findings indicate that mTOR inhibitors have the ability to increase and to reduce planar and subepi-
thelial proliferation in HconF cells, depending on the inhibitor being used.
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Introduction

An antifungal metabolite, Rapa initially discovered from 
Streptomyces hygroscopicus, was subsequently identified as 
being a potent suppressor of a serine/threonine kinase, S6K1 
[1–3] as well as functioning as a pivotal inducer of PI3 kinase 
(PI3K) signaling axis [4], thereby inducing immunosuppres-
sion and anti-proliferation in mammalian cells [5]. At the same 
time, TOR was also discovered within yeast cells in addition 
to animal cells [6, 7]. This involves the binding of Rapa with 
the FK506-binding protein (FKBP12). Rapa forms a gain-of-
function complexes, mTOR complex (mTORC) and various 
biochemical and genetic analyses have revealed that there are 
two functionally distinct complexes related to mTOR, that is 
mTORC1 and mTORC2 [6, 8]. It is known that the S6 kinase 
1 (S6K1) is the best characterized substrate for mTORC1 [9]. 
Functionally Rapa can inhibit only mTORC1 but in case of a 
long-term exposure to Rapa, mTORC2 could be also inhibited 
in some cells by newly produced mTOR proteins [6]. In terms 
of the physiological roles of mTORC1 regulation, mTORC1 
was identified as a signal processor in response to various 
biological signals related to growth, nutrition, energy produc-
tion and consumption and oxygen levels to regulate energy 
metabolism and autophagy by regulating nucleotide, proteins 
and lipids synthesis [5]. Pathologically, improperly regulated 
mTORC1 signaling has been frequently observed in malignant 
tumors, several genetic disorders and age-related diseases [10]. 
However, although the physiological and pathological roles of 
the mTORC2 have not been well characterized in contrast to 
mTORC1, mTORC2 has been identified as being involved in 
the activation of Akt and SGK1–related cell survival mecha-
nisms by regulating the actin-cytoskeleton organization [6].

TGF-β has been identified as a pivotal inducer of fibro-
genesis [11–14], through the stimulation of downstream 
signaling mechanisms [15–17], such as Smad related 
and unrelated signaling pathways [18, 19]. Such TGF-β 
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induced fibrogenesis is pivotally involved in nearly all 
wound healing related phenomena including subconjunc-
tival fibrogenesis [20]. Regarding TGF-β isoforms, it has 
been reported that TGF-β1, TGF-β2, and TGF-β3 have 
been identified, and among these, TGF-β2 was predomi-
nantly located within corneal tissues [21], conjunctival 
fibroblasts [22] vitreous, aqueous humor, and tears [23, 
24]. In fact, it was reported that significantly high concen-
trations of TGF-β2 are present in the AH of patients with 
glaucoma as compared to non-glaucoma subjects [25].

To maintain healthy barrier functions in human conjunctiva, 
subconjunctival fibrosis that occurs in response to conjunctival 
wound healing needs to be appropriately controlled [26–34]. 
It has been shown that among the non-Smad signaling path-
ways, the PI3K-Akt-mTOR axis function as an important role 
in TGF-β-evoked fibrogenesis [35, 36]. In fact, several recent 
transcriptomics studies have demonstrated that mTOR, fibro-
genesis and TGF-β are cooperatively involved in the molec-
ular pathogenesis of vascular alterations such as inherited 
retinopathies (IRDs) [37, 38], brain arteriovenous malforma-
tion (bAVM) and cerebral cavernous malformations (CCM) 
[39–41]. Therefore, we rationally speculated that pharmacolog-
ical suppressors of the PI3K-Akt-mTOR pathway represents a 
promising strategy for preventing TGF-β-induced conjunctival 
fibrogenesis without the requirement for the full inactivation of 
TGF-β signaling. In fact, Sun et al. [42] and Huang et al. [43] 
demonstrated that PI3K/Akt signaling is involved in the migra-
tion, differentiation, and ECM synthesis of HconF, and that the 
PI3K/Akt pathway in subconjunctival fibrosis of conjunctival 
fibroblast was activated by TGF-β1 [44] and TGF-β2 [45]. Fur-
thermore, fibrogenesis in human conjunctival epithelial (HCjE) 
cells is induced by prolonged exposure to TGF-β1 and/or TGF-
β2 [46] and Rapa inhibited proliferation and differentiation of 
human corneal myofibroblasts [47].

In addition, since, among the various TGF-β-induced con-
junctival wound-healing responses [48, 49], there are two dif-
ferent issues, namely, (1) superficial re-epithelialization and 
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wound contraction, and (2) subconjunctival fibrous scar forma-
tion [50]. Appropriate in vitro models that replicate these two 
different conjunctival fibrosis processes are needed. For this 
purpose, we have established in vitro models mimicking pla-
nar fibrosis and subconjunctival fibrosis of human conjunctiva 
utilizing 2D and 3D cell culture methods using HconF that had 
been treated with TGF-β2 as the representative TGF-β isoform 
[51–53]. Here, to obtain insights into this issue, we studied the 
effects of the mTORC1 inhibitor, Rapa and the mTORC1 and 
2 inhibitor, Torin1, on 2D and 3D HconF cell cultures that had 
been treated and untreated with TGF-β2.

Patients and methods

Human conjunctival fibroblasts (HconF)

All experiments using human-derived cells were conducted 
in compliance with the tenets of the Declaration of Helsinki 
but the internal review board of Sapporo Medical Univer-
sity has ruled that approval was not required for the study 
because of use of commercially available HconF cells (Sci-
enCell Research laboratories, CA USA).

Preparations of 2D and 3D cultured HconF

2D and 3D of cultured HconF were performed for 6 days as 
described in our previous studies [51, 54–56]. In brief, HconF 
cells were planar 2D cultured in the Fibroblast Medium (Scien-
Cell Research laboratories, CA USA). For further 3D spheroid 
culture, 2D HconF cells were washed with phosphate buff-
ered saline (PBS), detached by treatment with 0.25% Trypsin/
EDTA, re-suspended in a medium supplemented with 0.25% 
methylcellulose (Methocel A4M) at a level of approximately 
20,000 HconF cells in 28 μL, and each well was subjected 
to hanging drop culture plates (# HDP1385, Sigma-Aldrich, 
St Louis, MO, USA) (Day 0). On each subsequent day until 
Day 6, half of the medium (14 μL) was exchanged with fresh 
medium. During Days 1 through 6, TGF-β2 (5 ng/ml) and/or 
mTOR inhibitors, Rapa or Torin1 (100 nM) were administered 
to the 2D or 3D cultured Hcon F cells based on these chemical 
dosages reported in previous studies [51, 57–59].

Immunocytochemistry

The 2D cultured HconF cells fixed with 4% paraformaldehyde 
were successively treated with the 1st antibodies; an anti-human 
S6 ribosomal protein (5G10) rabbit mAb (#2217, Cell Signal-
ing Technology, Danvers MA, USA), phosphor-S6 ribosomal 
protein (Ser235/236) antibody (#2211, Cell Signaling Tech-
nology, Danvers MA, USA), an Akt antibody (#9272, Cell 
Signaling Technology, Danvers MA, USA) and phosphor-Akt 

(Ser473) (#9271, Cell Signaling Technology, Danvers MA, 
USA) (1:200 dilutions), and a mixture of 1:1000 dilutions of 
a goat anti-rabbit IgG (488 nm), DAPI and phalloidin. After 
mounting in ProLong Gold Antifade Mountant with a cover 
glass, immunofluorescent labeling images were obtained by 
means of a Nikon A1 confocal microscope using a × 20 air 
objective with a resolution of 1024 × 1024 pixels as described 
in our previous studies [55, 60].

Trans‑epithelial electrical resistance (TEER) 
and cellular metabolic analyses

To evaluate planar proliferation and cellular metabolic func-
tions of the 2D HconF cells prepared as above, TEER and 
seahorse metabolic analyses were performed essentially as 
described in detail in our recent studies [52, 53, 61–63]. 
In brief, in the absence and presence of Rapa or Torin1 
(100 nM), HconF monolayers that had been treated with TGF-
β2 (5 ng/ml) and untreated HconF monolayers were placed 
in each well of the TEER plate (0.4 μm pore size and 12 mm 
diameter; Corning Transwell, Sigma-Aldrich) and were cul-
tured as above. On Day 6, the TEER values were measured 
using an electrical resistance system (KANTO CHEMICAL 
CO. INC., Tokyo, Japan). Alternatively, for the bio-cellular 
function of the 2D HconF cell, their oxygen consumption 
rate (OCR) and the extracellular acidification (ECAR) of 2D 
HconF cells were evaluated by a Seahorse XFe96 Bioanalyzer 
(Agilent Technologies). Briefly, 20 ×  103 2D HconF cells were 
placed in wells of a 96-well assay plate as follows: (1) non-
treated control (NT), (2) treated with TGF-β2, (3) treated with 
Rapa or Torin1 (100 nM) and (4) treated with TGF-β2 and 
Rapa or Torin1 (100 nM). After replacing the culture medium 
with Seahorse XF DMEM assay medium (pH 7.4, Agilent 
Technologies, #103575–100) supplemented with 5.5 mM 
glucose, 2.0 mM glutamine, and 1.0 mM sodium pyruvate, 
the basal OCR and ECAR values were determined using a 
Seahorse XFe96 Bioanalyzer and thereafter, the samples were 
further analyzed after supplementation with 2.0 μM oligomy-
cin, 5.0 μM carbonyl cyanide p-trifluoromethoxyphenylhydra-
zone (FCCP), 1.0 μM rotenone and antimycin A, and 10 mM 
2-deoxyglucose (2-DG). The OCR and ECAR values were 
normalized to the amount of protein per well.

Physical aspects analyses of 3D HconF spheroids

As physical aspects of the 3D HconF spheroids, their mean 
sizes and hardness were evaluated essentially as described in 
our previous studies [54, 56]. In brief, the mean sizes of the 3D 
spheroids were measured using an inverted microscope (Nikon 
ECLIPSE TS2; Tokyo, Japan). Alternatively, for the stiffness 
measurement, a single living 3D spheroid was placed on a 
3-mm × 3-mm plate and compressed until a 50% deformation 
was achieved for 20 s using a micro-compressor (MicroSquisher, 
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CellScale, Waterloo, ON, Canada). The force required (μN) was 
determined, and force/displacement (μN/μm) was calculated.

Other analytical methods

As described in previous reports [55, 60], total RNA 
extracted from 2D or 3D HconF cells using an RNeasy 
mini kit (Qiagen, Valencia, CA, USA) was then subjected 
to reverse transcription using the SuperScript IV kit (Inv-
itrogen) as per manufacturer’s instructions. Each respec-
tive gene expression was quantified by real-time PCR with 
the Universal Taqman Master mix using a StepOnePlus 
machine (Applied Biosystems/Thermo Fisher Scientific) 
using specific primers and probes (supplementary Table 1). 
cDNA quantities were normalized to the expression of 36B4 
(Rplp0) and are shown as fold-change relative to the control.

As experimental data, the arithmetic mean ± the standard 
error of the mean (SEM) was used in conjugation with statis-
tical analyses essentially as described in our previous reports 
[55, 60]. A significant difference of less than 0.05 between 
experimental groups by ANOVA followed by a Tukey’s mul-
tiple comparison test was defined to be statistically significant.

Results

Effects of mTOR inhibitors on 2D planar proliferation 
of HconF cells

By utilizing the 3D cell culture method as well as conventional 
2D planar cultures, we recently succeeded in producing suitable 
in vitro models that mimic the TGF-β2-related fibrogenesis on 
the superficial epithelial plane as well as under epithelial spatial 
space, respectively [51]. Using these models, here, we studied 
the roles of mTOR signaling in fibrogenesis of human conjunc-
tiva. To first confirm the key downstream target reactions of 

mTORC1, the inhibition of the phosphorylation of S6 (p-S6) 
by Rapa and Torin1, and mTORC2, an inhibition of phospho-
rylation of Akt (p-Akt) by Torin1, but not Rapa, immunocy-
tochemistry was performed using 2D cultured HconF cells. 

NT

Torin1

pAktAkt pS6S6

100 µm

Rapa

Fig. 1  Representative confocal microscopy images of the immunola-
beling of S6, p-S6, Akt and p-Akt of the 2D HconF cells. 2D HconF 
cells treated or untreated with 100  nM Rapa (Rapa) or Torin1 for 

6 days were each immunostained for S6, p-S6, Akt and p-Akt (green) 
without or with phalloidin (red) and DAPI (blue) in duplicate using 
fresh preparations (n = 5). Scale bar; 100 μm
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Fig. 2  TEER of the 2D HconF monolayers in the absence and pres-
ence of TGF-β2 and /or mTOR inhibitors. TEER measurements 
(Ωcm2) of the TGF-β2 (5 ng/ml) treated or untreated 2D monolayers 
of HconF cells were performed in the absence or presence of 100 nM 
Rapa (Rapa) or Torin1 for 6 days in triplicate using fresh preparations 
(total n = 9), and those values were plotted. **P < 0.01, ***P < 0.005, 
****P < 0.001
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As shown in Fig. 1, both Rapa and Torin1 significantly inhib-
ited p-S6 or p-S6 and p-Akt, respectively [64]. The inhibitory 
effects of mTORC1 by Rapa and mTORC 1 and 2 by Torin1 
on the TGF-β2-induced planar proliferation was evaluated by 
TEER measurements of 2D HconF monolayers (Fig. 2). The 
results indicated that a significantly increased TEER values was 
observed upon exposure of the cultures to TGF-β2. Similarly, a 
monotreatment of both Rapa and Torin1 also induced a signifi-
cant elevation in the TEER values. Interestingly, such increased 
effects in the TEER values by Rapa or Torin1 were lesser or 
higher compared with TGF-β2, but both effects were addition-
ally enhanced by the presence of TGF-β2.

Effects of mTOR inhibitors on intracellular 
metabolism of 2D HconF cells

The modulations of mTOR signaling by treatment with Rapa 
or Torin1 of the TGF-β2 untreated or treated 2D cultured 
HconF cells on intracellular metabolism were evaluated 
by using an XFe96 Extracellular Flux Analyzer (Fig. 3). 

Treatment with TGF-β2 alone tended to induce metabolism 
toward energetic, but the changes did not reach statistical 
significance in the present study. Rapa or Torin1 also did 
not significantly alter key metabolic parameters, including 
basal OCR, ATP-linked respiration, maximal mitochondrial 
respiration, basal EACR, glycolytic capacity, and glycolytic 
reserve in the TGF-β2 untreated cells. However, interest-
ingly, the mitochondrial respiratory indices and glycolytic 
functions of the TGF-β2 treated cells were significantly 
suppressed and enhanced, respectively by Rapa or Torin1. 
These findings suggest that Rapa or Torin1 has an ability to 
shift cellular metabolism from oxidative phosphorylation to 
glycolysis in HconF cells in the TGF-β2 treated cells.

Effects of mTOR inhibitors on the size and hardness 
of 3D HconF spheroids

Next, to examine the influences of Rapa or Torin1 on TGF-
β2-related fibrogenesis that occurred under epithelial spatial 
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Fig. 3  The mitochondrial and glycolytic aspects of 2D HconF cells in 
the absence and presence of TGF-β2 and/or mTOR inhibitors. A real-
time metabolic function analysis by a XFe96 Extracellular Flux Ana-
lyzer of the TGF-β2 (5 ng/ml) treated or untreated 2D monolayers of 
HconF cells were performed in the absence or presence of 100  nM 
Rapa (Rapa) or Torin1 for 6 days in fresh preparations (n = 8). Panel 
a; plot of OCR values, Panel b; plot of ECAR values, Panel c; key 
parameters of mitochondrial functions, Panel d; key parameters of 
glycolytic functions. Both OCR and ECAR values were normalized 
by the protein amount per well. Basal OCR; (the OCR at baseline) – 

(OCR with R/A), ATP-linked respiration; (the OCR at the baseline) – 
(the OCR with Oligo), Maximal respiration; (the OCR with FCCP) – 
(the OCR with R/A), Basal ECAR; (ECAR at the baseline) – (ECAR 
with 2DG), Glycolytic capacity; (ECAR with Oligo) – (ECAR with 
2DG), Glycolytic reserve; (ECAR with Oligo) – (ECAR at baseline). 
OCR; oxygen consumption rate, ECAR; extracellular acidification 
rate, Oligo; oligomycin, FCCP; carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone (FCCP), R/A; otenone/antimycin A, 2DG; 2-deoxy-
glucose. *P < 0.05
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space, as their parameters, the spheroids’ size and hardness 
were determined. Figure 4 demonstrated that down-sizing 
and less stiffened effects were observed for both Rapa or 
Torin1 and these effects were independent of TGF-β2. 
These results indicate that the inhibition of mTOR by Rapa 
or Torin1 significantly suppressed the TGF-β2-related and 
unrelated myofibroblast-induced changes in the subepithelial 
spatial direction but not in the planar direction although both 
drugs substantially influenced the cellular metabolic states, 
as described above.

Effects of mTOR inhibitors on the expression of ECM 
proteins and their modulators on 2D and 3D HconF 
cells

To obtain further insights into the underlaid responsible 
molecular mechanisms for the above observed charac-
teristic effects by mTOR inhibitors, Rapa or Torin1, the 
gene expressions of collagen1 (COL1), COL4, COL6, 
fibronectin (FN) and α smooth muscle actin (αSMA) 
were evaluated, and the following results were obtained 
(Fig. 5); (1) a Rapa monotreatment induced a marked 
down-regulation of COL1 (3D) and COL6 (2D and 3D), 
(2) a Torin1 monotreatment resulted in the down-regu-
lated COL1 (3D), COL6 (2D) and FN (3D) or the up-
regulation of COL4 (3D), and (3) TGF-β2 significantly 
up-regulated all except for COL6 in 2D HconF cells, or 
FN in the 3D HconF spheroids and these effects were 
substantially inhibited by Rapa or Torin1. In terms of the 
mRNA expression of TIMPs and MMPs (Fig. 6), although 
the TGF-β2 monotreatment significantly up-regulated 
TIMP2 and 3, and MMP2, or down-regulated TIMP1 and 
4 (2D) or up-regulated of MMP2 (3D), mTOR inhibi-
tors induced 1) marked down-regulations of TIMP3 and 4 
(2D) or substantial down-regulations of TIMP1, 2 and 4, 
and MMP14 (3D). In addition, Rapa or Torin1 inhibited 
the TGF-β-2-induced effects of TIMP1 and 3 (2D and 3D) 

and TIMP4 (3D), or TIMP2 and 3 and MMP14 (2D) and 
TIMP1 and TIMP4 (3D), respectively.

Taken together, we concluded that the mTOR inhibi-
tors, Rapa or Torin1 have the potential for altering the 
expression of ECM metabolism related molecules, 
thereby inducing characteristic effects on the TGF-β2-
related and unrelated fibrogenesis in the planar and sub-
epithelial spatial directions, as described above.

Discussion

Rapa, an immunomodulator approved by the FDA, effi-
ciently binds to the FK506 binding protein (FKBP12), and 
the Rapa-FKBP12 complex allosterically inhibits mTOR 
signaling, thereby possibly modulating both innate and 
adaptive immune responses by regulating the functions of 
antigen-presenting cells [65] as well as autophagy, thus hav-
ing a pivotal role in immunity and inflammation [66]. In the 
ophthalmic field, interest has been shown in the suppres-
sion of mTOR signaling as a possible method for treatment 
of ocular surface-related diseases. In fact, previous studies 
have shown that the significant up-regulations of several 
cytokines and Akt3 in the lacrimal gland (LG) of a mouse 
model of Sjögren’s syndrome (SS) were significantly inhib-
ited by 12-week Rapa treatment [67–70]. Thus, these obser-
vations suggest that upon topical administration of Rapa, 
a potent anti-inflammatory effect within the LG could be 
expected by reducing autoimmune inflammation in the LG, 
increasing tear secretion, and restoring the ocular surface 
homeostasis in an SS mouse model. Trujillo-Vargas et al. 
recently reported that, in addition that significant decreases 
in inflammatory markers in the LG, conjunctival goblet cell 
density and area were substantially increased by daily instil-
lation of eyedrops containing Rapa for 3 months in aged 
mice [71]. Based upon their findings, they suggested that 
the use of eyedrops containing Rapa may be a potential 

Fig. 4  The physical aspects 
of 3D HconF spheroids in the 
absence and presence of TGF-
β2 and/or mTOR inhibitors. 
The mean sizes (μm) (A) and 
stiffness (μN/μm) (B), the force 
(μN) required to produce their 
50% deformity for 20 s, of the 
TGF-β2 (5 ng/ml) treated or 
untreated 3D HconF spheroids 
were measured in the absence 
or presence of 100 nM Rapa 
(Rapa) or Torin1 for 6 days in 
triplicate using fresh prepara-
tions (total n = 16), and those 
values were plotted. *P < 0.05, 
****P < 0.001
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Fig. 5  The mRNA expres-
sion of ECM molecules of 2D 
and 3D cultured HconF cells 
in the absence and presence 
of TGF-β2 and /or mTOR 
inhibitors. qPCR analysis of 
COL1, COL4, COL6, FN, and 
aSMA of the TGF-β2 (5 ng/
ml) treated or untreated 2D and 
3D HconF cells was performed 
in the absence or presence of 
100 nM Rapa (Rapa) or Torin1 
for 6 days in duplicate 3 dif-
ferent confluent 6-well dishes 
(2D) or 15 freshly prepared 
3D spheroids (3D), and those 
values were plotted. *P < 0.05, 
**P < 0.01, ***P < 0.005
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Fig. 6  The mRNA expression 
of TIMPs and MMPs of 2D 
and 3D cultured HconF cells 
in the absence and presence 
of TGF-β2 and/or mTOR 
inhibitors. qPCR analysis of 
TIMP1-4 (A) and MMP2, 9 and 
14 (B) of the TGF-β2 (5 ng/
ml) treated or untreated 2D and 
3D HconF cells was performed 
in the absence or presence of 
100 nM Rapa (Rapa) or Torin1 
for 6 days in duplicate 3 dif-
ferent confluent 6-well dishes 
(2D) or 15 freshly prepared 
3D spheroids (3D), and those 
values were plotted. *P < 0.05, 
**P < 0.01, ***P < 0.005
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therapeutic strategy for suppressing the unfavorable age-
related phenomena within the ocular surface including tear-
producing tissues. It was also reported that the increased 
expression of mTOR signaling proteins in experimental 
allergic conjunctivitis (EAC) was effectively reduced by 
Rapa treatment, thus suggesting that Rapa has a role in the 
attenuation of allergic conjunctivitis [72].

In addition to the above-described effects of Rapa that are 
related to immunity and inflammation, Rapa also appears 
to have the ability to modulate several other mechanisms 
including cellular growth and proliferation, protein synthe-
sis, and autophagy through mTORC1. It was shown that 
upon substantially stimulated mTORC1 signaling, aberrant 
apoptosis as well as cell proliferation seemed to occur in 
pterygium since their resting epithelial cells exhibit aberrant 
apoptosis and cell proliferation. This suggests that mTORC1 
could provide a potential therapy for the treatment of pteryg-
ium [58]. As an additional therapeutic possibility within 
the ophthalmic field, Igarashi et al. recently reported that 
mTOR inhibitors, Rapa and Torin1, significantly inhibited 
TGF-β1-induced fibrotic changes in an in vitro model for 

postoperative subconjunctival scarring using HconF cells 
[59]. They also reported that topical administration of an 
mTOR inhibitor in a rabbit model of trabeculectomy effec-
tively suppressed deposition of COLs in rabbit eyes after 
trabeculectomy. Based on these findings, they suggested 
that the use of mTOR inhibitors may be a novel treatment 
strategy to reduce the fibrotic response in HconF resulting in 
improvement of bleb survival (rates) after filtration surgery 
[59]. In our recent study, we compared the effects of three 
major TGF-b isoforms, TGF-β1, TGF-β2 and TGF-β3, on 
conjunctival fibrogenesis using our established in vitro 2D 
and 3D culture models [73]. Our results showed that all three 
isoforms induced fibrogenetic effects but that the efficacies 
of the isoforms were quite different. That is, the effects of 
TGF-β1 and TGF-β3 on 2D HconF planar cell proliferation 
assessed by TEER and cellular metabolic functions assessed 
by a Seahorse bioanalyzer and on physical properties of 3D 
HconF cells were significantly different and the effects of 
TGF-β2 were the average effects of both isoforms, suggest-
ing the rationale to use TGF-β2 as a representative TGF-β 
isoform in the current study. Our present study to examine 
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the effects of mTOR inhibitors demonstrated that Rapa and 
Torin1 on TGF-β2 induced conjunctival fibrogenesis by 
using recently established in vitro models using 2D and 3D 
cultures of HconF cells in the presence of TGF-β2 repli-
cating planar and subepithelial fibrogenesis, respectively. 
The results indicated that (1) Rapa or Torin1 significantly 
increased planar proliferation of TGF-β2-untreated 2D 
HconF cells, but this was inhibited or enhanced, respec-
tively, in TGF-β2-treated cells, (2) mono-treatment of Rapa 
or Torin1 did not affect cellular metabolism, but both drugs 
induced a significant energy shift from oxidative phospho-
rylation to glycolysis in TGF-β2-treated HconF cells, (3) 
subepithelial proliferation, as evidenced by the 3D sphe-
roid’s stiffness, was markedly decreased by both Rapa and 
Torin1 independent of TGF-β2 and (4) the gene expression 
of ECM metabolism-related molecules fluctuated among 
the conditions for both the 2D and 3D TGF-β2-untreated 
or TGF-β2-treated cultures. Differences between gene 
expression profiles of ECM proteins and their modulators 
in 2D and 3D cell cultures have been observed in other cells 
including human orbital fibroblasts [54], human trabecular 
meshwork cells [74] and others due to the differences of 
cell-to-cell interactions, 2D; side by side, vs 3D; cell can 
interact on everywhere around another cell, as suggested by 
previous study [75].

The mechanism by which mTOR inhibition can suppress 
mitochondrial function and enhance glycolytic capacity 
only under the condition of TGF-β2-induced fibrogenesis 
in HconF cells is still speculative. However, given that 
mTORC1 has been reported to be involved in mitochondrial 
biosynthesis in several types of cells [76, 77], the explana-
tion that mTOR inhibition induced a compensatory shift in 
cellular metabolism to glycolysis from oxidative phospho-
rylation in response to metabolic demand by TGF-β2 is rea-
sonable. Therefore, investigating whether these metabolic 
responses are also observed in other cells and the effects of 
mTOR inhibition on different time courses of fibrogenesis 
are our next research projects.

Taken together, we conclude that these mTOR inhibi-
tors may increase and reduce planar proliferation and 
subepithelial proliferation of HconF cells, respectively. 
However, as study limitations in the current investigation, 
the following issues should be taken into consideration. 
Firstly, as revealed by Seahorse metabolic measurements, 
Rapa and Torin1 significantly modulated both mitochon-
drial and glycolytic functions, especially in the presence of 
TGF-β2, although the underlying molecular mechanisms 
have not yet been elucidated. Secondly, we simply used 
2D planar cultures and 3D spheroid cultures as models 
of conjunctival superficial and subconjunctival scarring. 
However, previous studies demonstrated that culture con-
ditions could significantly influence the cell phenotype and 
the maintenance of specific cell populations [78], and, in 

fact, gene expression levels were reported to be altered 
in conjunctiva among ex vivo, primary conjunctiva and 
cultured conjunctival cell lines (Tong et al. 2009) [79]. 
In addition, our currently used method for evaluating the 
barrier functions of 2D cultured HconF cells involves 
estimating conjunctival superficial re-epithelialization 
and wound contraction. However, several previous studies 
have suggested that commercially available HconF cells 
may have characteristics that are different from those of 
primary cultured human conjunctival cells or cell lines 
derived from them. For example, benzalkonium chloride 
(BAC) was reported to cause shrinkage and plate detach-
ment in primary cultured human conjunctival fibroblasts 
[80] and a low dose of BAC  (10−4%) was reported to cause 
cell lysis in a human conjunctival cell line [81], whereas in 
our recent study, no morphological changes or changes in 
TEER were detected in HconF 2D-cultured cells that were 
exposed to BAC [61]. In fact, KRT24 is expressed in the 
human conjunctiva [82, 83] but not in HconF cells [84]. 
Therefore, investigation of additional types of conjunctival 
cells will be required to confirm that our current results 
could be clinically relevant. Thirdly, it is well known that 
TGF-β induces conjunctival fibrogenesis [85, 86], and we 
therefore used a representative TGF-β isoform, TGF-2, 
among various factors. However, in several previous stud-
ies, other TGF-β isoforms, TGF-β1 and TGF-β3 [42, 43, 
46, 87–90], and nerve growth factor (NGF) [91–93] were 
also identified as possible pivotal fibrogenetic inducing 
factors in the conjunctiva. Fourthly, it has been shown that 
various types of crosslinking can occur between PI3K/
Akt, the Smad, and the non-Smad MAPK and RhoA/Rho-
kinase signaling pathways in ocular fibrotic disorders [94]. 
Therefore, for a better understanding new results related to 
the effects of mTOR inhibitors on fibrogenetic changes of 
2D and 3D cultures of HconF cells, additional investiga-
tions will be required to elucidate the currently unidenti-
fied issues related to our current observations among sev-
eral complex signaling networks of mTOR, other TGF-β 
isoforms such as TGF-β1, TGF-β3 and others, and NGF 
as well as the use of additional animal models with con-
junctival fibrosis.
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