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ABSTRACT	 Toll-Like Receptor 7 (TLR7) is recognized for its role in immune responses, particularly 
in detecting viral RNA. However, emerging evidence suggests that TLR7 may also contribute to ocular 
development. In this study, we assessed the expression pattern of TLR7 in various CD-1 mouse eye 
compartments during critical developmental stages, from embryonic day 12 to 16, as well as in adult 
tissues such as the cornea, pigmented epithelium, neural retina and lens. Our findings reveal a region-
specific and time-dependent expression of TLR7, suggesting that it may play a role in the morphogenetic 
processes that shape the eye during intrauterine development.
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Introduction

In recent years, the development of animal models that mimic 
innate immune overactivation during pregnancy, such as through 
bacterial or viral infections (i.e., maternal immune activation), has 
allowed the scientific community to unravel the pathological con-
sequences on offspring's neural development and their long-term 
effects (Rasile et al., 2022; Estes and McAllister, 2016; Knuesel et 
al., 2014). Moreover, these models have highlighted the physiologi-
cal role that Toll-Like Receptors (TLRs) play in the morphogenesis 
of the mammalian nervous system, drawing parallels to their 
Drosophila ortholog, Toll. Indeed, several lines of evidence have 
demonstrated that TLRs orchestrate key stages of neurogenesis, 
guiding the proliferation, migration, differentiation, and maturation 
of neural progenitor cells (NPCs). Notably, in postnatal life, TLR 
activation assumes a vital role in modulating cognitive functions 
such as memory, learning, and behavior and dysregulation of these 
processes has been implicated in the pathogenesis of behavioral 
and psychiatric disorders (Abarca-Merlin et al., 2024). Furthermore, 
TLRs are also widely expressed in the eyes (Redfern and McDermott, 
2010; Singh and Kumar, 2015; Di Zazzo et al., 2022), considered 
as an extension of the brain (London et al., 2013). In the eye, TLRs 
are aimed at patrolling the organ to promptly detect potential 
invading pathogens and, at the same time, avoiding exaggerated 
inflammatory processes that could compromise visual capacity 

(Kawai and Akira, 2010; Redfern and McDermott, 2010), creating 
a delicate balance between necessary immune responses and the 
maintenance of the ocular immune privilege. Nonetheless, this 
equilibrium can occasionally be disrupted, potentially leading to 
the occurrence of eye pathologies (Redfern and McDermott, 2010). 
For instance, TLRs alterations have been reported in aberrant in-
nate immune responses such as Idiopathic Orbital Inflammation 
as well as retinal degeneration (Kohno et al., 2013; Wladis et al., 
2012). Given the intricate relationship between TLRs and the eyes, 
TLR7 remains one of the least explored members in this field.

TLR7 is an endosomal receptor that recognizes single-stranded 
RNA (ssRNA) especially derived from viruses (Fitzgerald and Kagan, 
2020) and, in adults, is prominently expressed by plasmacytoid 
dendritic cells and B lymphocytes, that orchestrate anti-viral immune 
response (Kawai et al., 2024). Beyond its well-established immune 
functions, it has been described that TLR7 plays a pivotal role in 
neuronal activity (Hung et al., 2018a; Hung et al., 2018b; Kaul et 
al., 2012) and in the embryogenesis of the central and peripheral 
nervous system (Arnaboldi et al., 2020; Hung et al., 2018a; Hung et 
al., 2018b; Barak et al., 2014; Anthoney et al., 2018; Kaul et al., 2012).

Recently, TLR7 has been implicated in ocular development. 
Offspring of mothers injected at embryonic day 12.5 with a TLR7/8 
agonist, show delays in developmental milestones such as birth 
weight and eye opening, which occur 5 days later than in controls 
(Sheng and Tobet, 2024). Although TLR7 is known to be expressed 
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at different levels of the ocular surface in adults, particularly in the 
superficial structures such as the cornea, conjunctiva, and eyelid 
of both humans and rodents (Redfern and McDermott, 2010; Singh 
and Kumar, 2015; Di Zazzo et al., 2022), a comprehensive evaluation 
of TLRs expression across the entire eye is missing.

In the present study, we assessed the spatiotemporal appear-
ance of TLR7 in various embryonic murine eye compartments 
and observed that this receptor is already present at early stages 
of the development in the cornea, pigmented epithelium, neural 
retina, and lens in proliferating and differentiating cells. At a later 
stage, TLR7 distribution remains dynamically regulated, indicating 
its involvement in both proliferative and differentiative processes. 
By adulthood, its expression stabilizes and becomes more com-
partmentalized, particularly in the posterior segment of this organ, 
suggesting a transition from a developmental role to functions as-
sociated with tissue homeostasis and immune surveillance in the 
mature eye. A better comprehension of the involvement of TLR7 
in eye morphogenesis can represent a fundamental step not only 
for understanding its potential roles beyond immunity but also can 
contribute to advancements in ophthalmic medicine paving the way 
for future possible therapeutic interventions targeting this receptor.

Results

Immunolocalization performed on paraffin-embedded tissue 
revealed that TLR7 is expressed in different developing eye com-
partments. At E12, TLR7 expression was already detectable in the 
crystalline lens, the region of the future cornea and in the retina 
(Fig. 1A). Strong immunostaining was present in the region of the 
ciliary body and the anterior part of the eye (Fig. 1A). The crystal-
line lens was also positive for TLR7, showing strong perinuclear 

immunostaining visible in the anterior cuboidal epithelium (CE) up 
to the region of the bow where joining secondary fibers (SLF) were 
also labelled (Fig. 1B). Perinuclear staining was present in primary 
lens fibers (PLF), which are in the process of filling the cavity of lens 
vesicle at this stage. Lastly, labelled cells were present in the region 
overlying the lens vesicle, where the corneal layers are maturing 
(Fig. 1B). Immunoreactivity was observed in some cells of both 
retinal pigmented epithelium (RPE) and neural retina (Fig. 1C). In 
the latter, labelled cells were mostly present in the ventricular zone, 
where mitotic elements appear, and in the subventricular zone (Fig. 
1C). The cornea could not be identified before E14.

At E14, in the crystalline lens, almost filled by primary lens fibers, 
both the CE and the lens fibers showed a perinuclear staining. The 
superficial layer, now distinguishable in an organized cornea, was 
still positive (Fig. 1 D,E). Moreover, in both RPE and neural retina, 
where the ganglion cell layer (GCL) was now visible, the intensity 
of the TLR7 staining and the number of stained cells had increased 
(Fig. 1 D,F).

At E16, there was a decrease in TLR7 staining intensity in com-
parison to previous stages (Fig. 1G), particularly appreciable in the 
secondary lens fibers (Fig. 1 G,H). However, the labelling patterns 
are not different from previous stages, except for the cornea lay-
ers where the stroma and the epithelium were found negative and 
positive for TLR7 expression, respectively (Fig. 1G). The conjunctiva, 
now properly formed, began to appear positive (Fig. 1G), and the 
different layers of the retina were not yet recognizable (Fig. 1I).

To determine if TLR7 expression is associated with the prolifera-
tive status of cells in the developing eye, we performed double im-
munofluorescence analysis for TLR7 and PCNA. At E12 and E14, in 
the lens, both the CE and the lens fibers were labelled for TLR7 while 
only the CE was found positive for PCNA (Fig. 2 A,B). At E16 most 

Fig. 1. Immunohistochemical evalu-
ation of the spatial distribution 
of Toll-Like Receptor 7 (TLR7) in 
E12, E14 and E16 mouse embryo 
eye - coronal section of the head. 
Immunohistochemical analysis of 
TLR7 expression in the developing 
eye of mouse conceptuses at different 
developmental stages (E12, E14 and 
E16). (A,D,G) Low magnifications of 
the stained sections collected at E12, 
E14 and E16 eye respectively. Scale 
bar: 30 µm. (B,E,H) High magnifica-
tions of the stained sections collected 
at E12, E14 and E16 of the lens region, 
respectively. (C,F,I) High magnifica-
tions of the stained sections collected 
at E12, E14 and E16 of the retinal re-
gion, respectively. Scale bar: 15 µm. BR 
(bow region), C (cornea), CE (cuboidal 
epithelium), GCL (ganglion cell layer), 
NE (neuroepithelium), NR (neural 
retina), PLF (primary lens fibers), RPE 
(retinal pigmented epithelium), SLF 
(secondary lens fibers). G
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of the cells of the lens were still positive for both TLR7 and PCNA 
but showed regional differences. While in CE the colocalization 
is complete, along the bow region (BR) – secondary fibers – only 
the positivity for TLR7 was visible (Fig. 2C). Considering the neural 
retina at both E12 and E14 embryos, we could recognize three dif-
ferent zones: a ventricular zone and a basal zone, immunoreactive 
for TLR7 but not for PCNA, and an intermedium zone where TLR7 
and PCNA colocalize. The ventricular zone, rich in mitotic cells at 
these stages, does not appear PCNA-positive (Fig. 2 D,E). At E16, 
we could also appreciate a fully differentiated layer, not stained 
for PCNA, in the basal zone of the neural retina (i.e. the becoming 

ganglionic cells layer), while the other retina layers - evidently in 
a proliferative phase - showed positivity for PCNA (Fig. 2F). In all 
embryonic stages, it is possible to appreciate the TLR7 labelling 
in the anterior eye regions, particularly in the CE of the lens and in 
the peripheral area of the neural retina (NR), which are areas near 
the ciliary body, while no TLR7 staining was observable in the optic 
fibers (Fig. 2 A-F).

Finally, the expression of TLR7 was assessed in the eyes of 
3-month-old mice. Proceeding along the anterior-to-posterior axis, in 
the cornea, TLR7 labelling was present in the epithelium, especially 
in basal cells. TLR7 was also detectable in the deep endothelial 
layer and the basal layer of the superficial squamous stratified 
epithelium (Fig. 3A). TLR7 was also observed in both bulbar and 
palpebral conjunctiva with a pattern similar to that observed in the 
cornea: presence of labelled cells beneath a layer of non-positive 
cells (Fig. 3B). In all the layers of the neural retina, TLR7 staining is 
visible in the perinuclear region (Fig. 3C). Of note, in the photorecep-
tors layer, TLR7 labelling was confined between the inner segment 
(IS) and the outer segment (OS) (Fig. 3C, inlet). In the lens, a very 
strong TLR7 staining was detectable in the secondary lens fibers, 
mainly localized in the perinuclear region (Fig. 3D). Collectively, 
TLR7 is expressed in all the adult eye compartments even in the 
posterior segment of these organs.

Fig. 2. Immunofluorescence 
analysis of TLR7 and Prolif-
erating Cell Nuclear Antigen 
(PCNA) expression in the 
mouse embryo retina at 
different developmental 
stages. Immunolocaliza-
tion of TLR7 (green signal) 
and PCNA (red signal) in the 
neural retina of developing 
lens and retina of mouse 
conceptuses at different 
developmental stages. (A,D, 
E12; B,E, E14; C,F, E16). Scale 
bar: 15 µm.

Fig. 3. Immunohistochemical evaluation of the spatial distribution of 
TLR7 in the adult mouse eye. Immunohistochemical analysis of TLR7 in 
adult mouse eye. (A) Cornea, (B) conjunctiva, (C) neural retina and (D) lens. 
Scale bar: 15 µm. Inset in (C) shows the photoreceptor area. Bar: 20 µm. 
IS (inner segment of photoreceptor), OS (outer segment of photoreceptor).
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Overall, as showed in Fig. 4, TLR7 expression follows a dynamic 
pattern during eye development, with an initial increase in expression 
starting from E12 to E14, followed by a region-specific reduction 
at E16, particularly in differentiating structures such as the lens 
fibers. This temporal regulation may reflect the involvement of 
TLR7 in distinct phases of ocular morphogenesis, transitioning 
from early proliferative activity to later differentiation processes.

Discussion

In the present study, we analyzed the expression of TLR7 in 
both surface and deep mouse embryonic and adult eye structures. 
TLR7, like all other members of the TLR family, has always been 
associated with the promotion of an immune response against 
potential pathogens, even within the ocular environment (Redfern 
and McDermott, 2010). However, in the eye, the situation appears to 
be far more complex based on the distinctive distribution of TLR7 
observed in adult mice. The presence of TLR-positive cells under 
a layer of TLR7-negative cells both in the cornea and conjunctiva 
of the adult eye suggests that the compartmentalization of this 
receptor may serve to reduce the possibility of interaction with 
microorganisms on the apical surface of the eye, as described for 
other body compartments (Le Noci et al., 2021). Therefore, it is 
possible to speculate that TLR7 may also play a role in maintain-
ing a state of immunological tolerance within the eye, which, as 
is well known, is constantly exposed to environmental stimuli and 
to a commensal microbial community (Aragona et al., 2021; Peter 
et al., 2023). Indeed, both in the eyes and in other body regions, 
various mechanisms are exploited to prevent damages from an 
uncontrolled TLR stimulation and, under specific conditions, to 

preserve the immune privilege. TLRs exhibit the paradoxical ability 
to promote immunosuppression by triggering a complex array of 
negative feedback mechanisms designed to mitigate potentially 
harmful inflammatory responses (Fitzgerald and Kagan, 2020; 
Forward et al., 2010; Koga-Yamakawa et al., 2015). For instance, 
repeated activation of TLR7 can induce hyporesponsiveness to 
subsequent stimulations (Hayashi et al., 2009; Hayashi et al., 2012; 
Michaelis et al., 2019) and it has been reported that TLR7 activa-
tion suppressed the release of pro-inflammatory chemokines and 
reactive oxygen species induced by IL-1β stimulation in conjunctival 
epithelial cells (Wang et al., 2023).

In the embryo, we found that the expression pattern of TLR7 
varies across different areas of the eye and stages of development, 
possibly suggesting a role of this receptor in biological processes 
not strictly related to the immune response. Indeed, TLR7 has been 
reported to be modulated during peripheral and central nervous 
system development (Kaul et al., 2012; Arnaboldi et al., 2020) and 
it is described as directly involved in neuronal morphogenesis and 
differentiation (Hung et al., 2018b; Liu et al., 2013). In line, TLR7 
deficiency can result in neuron activity impairment (Hung et al., 
2018a). Furthermore, mice prenatally exposed to maternal im-
mune stress and TLR activation exhibit developmental delays in 
eye opening (Haida et al., 2019; Smolders et al., 2018) and recent 
reports have included TLR7 in these findings (Sheng and Tobet, 
2024). Therefore, it might be plausible to speculate that TLR7 could 
have a direct role during the embryonic developmental phases of 
the eye, possibly activated by bacterial molecules derived from 
ocular or placental microbiota (Aagaard et al., 2014), or endogenous 
TLR ligands released during embryonic tissue rearrangement (Yu 
et al., 2010).

Fig. 4. Chart summarizing the spatial distribution of TLR7 expression in the eye at the different analyzed developmental stages of mouse embryos 
(E12, E14 and E16) and in adult mice. Schematic representation of embryo and adult eye showing the localization of TLR7-positive cells during embryo 
development and in adulthood.
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However, we identified the presence of TLR7 in both proliferating 
and non-proliferating retinal cells at all the analyzed stages (from 
E12 to E16). Moreover, TLR7 immunoreactivity is consistently 
present in the germinative zone of the lens, where proliferating 
lens epithelial cells are exclusively located (Yamamoto et al., 
2008; Gan et al., 1995), as well as in the secondary lens fibers and 
anterior cuboidal epithelium. These observations may not support 
the notion that TLR7 could have a direct role in the proliferation 
or differentiation processes of the retina cells. In this regard, it 
has been reported that TLR7 Knock-Out (KO) mice have no visual 
deficits compared to wild-type (WT) animals (Hung et al., 2018a) 
and TLR7 KO mice affected by experimental diabetic retinopathy 
experienced reduced retinal damage characterized by an improved 
retinal functioning compared to the WT counterpart (Liao et al., 
2017). Although these findings suggest that TLR7 may be mainly 
involved in controlling the ocular immune processes rather than 
playing an active role in the physiological function of the eyes. the 
data obtained using KO animals cannot allow to draw definitive 
conclusions because it has been observed that the genetic ablation 
of TLR7 determines the up-regulation of TLR8 as a compensatory 
mechanism (Hung et al., 2018b; Liu et al., 2013). Therefore, it may 
be possible to hypothesize that the contribution of TLR7 can be 
replaced by other receptors.

Conclusion

Collectively, the results presented here reveal that TLR7 can 
be detected in various compartments of the adult and embryonic 
mouse eye. This expression is evident in cells undergoing both 
proliferation and differentiation, and it continues to persist after 
birth. While the distribution of TLR7 in the adult ocular surface is 
suggestive of a physical barrier against environmental stimuli and 
commensal microbes (Aragona et al., 2021; Peter et al., 2023), the 
expression pattern in the embryo suggests that, beyond its known 
role in patrolling the eye environment, TLR7 may also play a role 
in the intricate morphogenetic processes of this complex organ. 
Nevertheless, further studies are needed to fully comprehend its 
involvement in eye embryogenesis.

Material and Methods

Animals
CD1 mice (Charles River Laboratories, Calco, Italy) were housed 

in a thermostatically maintained animal house (T = 22 ± 2°C; relative 
humidity 55 ± 5%) with a 12 h light cycle, free food access (Italiana 
Mangimi, Settimo Milanese, Italy) and water ad libitum. Matings 
were arranged by caging females with one male of proven fertility 
overnight. The morning with evident vaginal plugs was considered 
day 0 of gestation (E0). Pregnant mice were euthanized by CO2 
inhalation and uteri were removed and kept in ice-cold phosphate-
buffered saline (PBS) 0.1 M pH 7.4 for dissection, and collecting of 
conceptuses at different developmental stages (E12, E14, and E16). 
After sacrifice, eye bulbs were collected from 3-month-old adult 
mice and embryos and fixed by immersion in 4% paraformaldehyde 
in PBS (Arnaboldi et al., 2020; Sommariva et al., 2023). The animal 
protocol was approved by the Ministry of Health – Department for 
Veterinary Public Health, Nutrition and Food Safety Committee. 
Animals were treated humanely and in compliance with procedures 
that alleviate suffering.

Histology
After fixation, samples were dehydrated in an ascending scale 

of ethanols, cleared in xylene, and paraffin embedded. Tissue 
sections (4 µm) were obtained by a rotatory microtome and im-
munolocalization analysis were performed.

Immunohistochemistry (IHC)
As previously described (Arnaboldi et al., 2020; Sommariva et 

al., 2023), for IHC evaluations. 
Deparaffinized sections were autoclaved for 6 min at 120°C in Na 

citrate buffer 0.01 M pH 6 for antigen retrieval, before the quenching of 
endogenous peroxidase activity via 0.3% H2O2 in PBS. Unspecific bind-
ing site saturation was performed for 30 min with a solution of 0.05 M 
Tris-HCl, 0.15 M NaCl, 0.1% gelatin, 0.5% ovalbumin, 0.05% Tween-20, 
and 0.2% fish gelatin. Sections were then incubated overnight at 4°C 
with rabbit anti-TLR7 antibody diluted 1:100 in Tris-Buffered Saline (No-
vus Biologicals, Centennial, CO, USA) followed by incubation with goat 
anti-rabbit serum (dilution 1:100 in Tris-Buffered Saline, Agilent, Santa 
Clara, CA, USA) and then with rabbit peroxidase anti-peroxidase (PAP) 
(dilution 1:100 in Tris-Buffered Saline, VWR International, Bridgeport, NJ, 
USA). The immunoreaction was visualized with the 3,3’-diaminobenzi-
dine substrate (DAB) (Merck KGaA, Darmstadt, Germany) and samples 
were counterstained with hematoxylin, dehydrated and mounted with 
Entellan (Merck KGaA, Darmstadt, Germany). Negative controls were 
performed by replacing the primary antibody with non-immune rabbit 
serum. Moreover, additional controls were introduced to exclude the 
possibility of non-suppressed endogenous peroxidase activity by se-
quential omission of the secondary antibody and PAP complex or by 
incubation with DAB reagent alone. Immunohistochemical experiments 
were performed on at least ten paraffin sections for each sample.

Immunofluorescence (IF)
After antigen retrieval process as described already above, sec-

tions were processed with sodium borohydride in PBS to remove 
tissue autofluorescence (0.1%, three times, 10 min each at 4°C). 
After washing with PBS, nonspecific sites were blocked incubating 
slides for 30 min with 1:10 goat serum in PBS-BSA (PBS-bovine 
serum albumin) then with TLR7 primary antibody (dilution 1:100 
in PBS-BSA) overnight at 4°C. Subsequently, sections were rinsed 
in PBS-BSA, and then incubated with FITC-conjugated goat anti-
rabbit antibody (dilution 1:200 in TBS-BSA). Nonspecific sites were 
blocked with mouse IgG blocking reagent (Mouse on Mouse, MOM, 
Immunodetection Kit, Vector Laboratories, Newark, CA, USA) for 1 
h at RT, followed by incubation with mouse anti-mouse Proliferat-
ing Cell Nuclear Antigen (PCNA) for 1 h at 37°C (diluted 1:100 in 
M.O.M. Kit diluent); Samples were then stained with biotinylated 
anti-mouse IgG for 10 min and with TRITC-conjugated streptavidin 
(dilution 1:200 in TBS-BSA, Jackson Laboratories; West Grove, PA) 
for 30 min at RT. Slides were finally mounted with Mowiol 4-88 (Cal-
biochem; La Jolla, CA). Controls were treated as described above.

Microscopy analysis
Sections were observed with a Nikon Eclipse 80i (Nikon, Tokyo, 

Japan) equipped with bright-field high-quality objectives (20X, 
Nikon, Plan Fluor, NA 0.5; 40X, Nikon, Plan Fluor, NA 1, oil immer-
sion; 60X, Nikon, Plan Apo, NA 1.40, oil immersion). Appropriate 
filter sets were used to collect fluorophore emissions. Images were 
acquired by a digital camera (Nikon Digital Sight 5MC) and then 
elaborated by ImageJ (Schneider et al., 2012).
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