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Intravital Multiphoton Microscopy of the Ocular Surface: Alterations in Conventional Dendritic Cell Morphology and Kinetics in Dry Eye Disease
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Dry eye disease (DED) is a multifactorial disease of the ocular surface, characterized by loss of tear film homeostasis and ocular symptoms, in which neurosensory abnormalities have recently been shown to play an etiological role. Although the role of inflammation has been widely studied in DED, the kinetics of immune cells of the ocular surface in this complex disease are hereto unclear. Herein, we utilized intravital multiphoton imaging on transgenic mice to investigate the 3D morphology and kinetics of conventional dendritic cells (cDCs) and the role of ocular surface sensory nerves in regulating them in both the naïve state and experimental DED. Mice with DED had significantly lower tear secretion (p < 0.01), greater corneal fluorescein staining (p < 0.001), and higher cDC density in the ocular surface (p < 0.05), compared to naïve mice. cDCs in DED mice showed morphological alterations in the limbus, exhibiting smaller surface area (p < 0.001) and volume (p < 0.001) compared to naïve mice. Furthermore, corneal cDCs showed greater sphericity in DED mice compared to naïve mice (p < 0.01). In addition, limbal cDCs displayed significantly increased migratory kinetics in DED, including mean track speed, 3D instantaneous velocity, track length, and displacement, compared to naïve mice (all p < 0.05). In mice with DED, cDCs showed a higher meandering index in the limbus compared to central cornea (p < 0.05). In DED, cDCs were less frequently found in contact with nerves in the limbus, peripheral, and central cornea (p < 0.05). cDCs in contact with nerves demonstrated a larger surface area (p < 0.001) and volume (p < 0.001), however, they exhibited less sphericity (p < 0.05) as compared to cDCs not in contact with nerves in naïve mice. Importantly, cDCs in contact with nerves during DED had a decreased track length, displacement, mean track speed, and 3D instantaneous velocity compared to those not in contact with nerves (all p < 0.05). Taken together, we present in vivo evidence of altered cDC kinetics and 3D morphology in DED. Furthermore, apparent neuronal contact significantly alters cDC kinetics and morphological characteristics, suggesting that ocular surface nerves may play a direct role in mediating immune responses in DED.
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INTRODUCTION

Dry eye disease (DED) is one of the most common causes of clinical ophthalmic visits, since it is accompanied by ocular discomfort and results in diminished quality of life (1). It is estimated that more than 16 million adults in the United States suffer from DED, with an estimated prevalence of 3.0% in men and 7.8% in women, imposing a significant public health and economic burden (2, 3). DED is “a multifactorial disease of the ocular surface characterized by a loss of homeostasis of the tear film, and accompanied by ocular symptoms, in which tear film instability and hyperosmolarity, ocular surface inflammation and damage, and neurosensory abnormalities play etiological roles” (1). It can arise due to desiccating stress, systemic conditions, medications, and neurosensory abnormalities (1).

The ocular surface is composed of the avascular cornea, neighboring conjunctiva, eyelids, tear film, and secretory glands, including lacrimal and meibomian glands. The ocular surface functions as a physical and immunological barrier to the external environment, such as foreign particles and opportunistic pathogens while allowing light to penetrate into the eye by maintaining the health of the ocular surface and tear film stability. The cornea is densely innervated by sensory nerves supplied by the ophthalmic division of the trigeminal nerve, sympathetic fibers derived from the superior cervical ganglion, and parasympathetic fibers that originate from the ciliary ganglion (4, 5). Sensory nerves enter the peripheral cornea in a radial pattern and travel parallel to the corneal surface toward the corneal center. The nerve fibers in the stroma comprise the stromal nerve plexus and the branches beneath the basal epithelial cell layer form a dense nerve plexus, termed the subbasal nerve plexus (4, 6). In addition to its dense innervation, the cornea is an immune privileged tissue and also hosts antigen-presenting cells (APCs), including epithelial and stromal conventional dendritic cells (cDCs) and stromal macrophages during steady state (7–12).

Involved in both initiation and progression of the DED, inflammation is considered a key process in the pathogenesis of DED (13–16). The inflammatory microenvironment in the ocular surface during DED facilitates maturation of ocular surface APCs and their subsequent egress to the draining lymph nodes, where they prime naïve CD4+ T cells toward effector T helper (Th)1 and Th17 cells (17–19). Through the efferent arm of the immune response, effector T cells migrate to the ocular surface, where they exacerbate inflammation via further tissue damage. In addition, DED-associated inflammation further exacerbates the destructive milieu in the ocular surface, leading to decreased goblet cell density, altered tear composition, and increased surface irregularity, generating focal points for accelerated tear thinning, and consequently promoting squamous metaplasia in an interferon gamma (IFN-γ)-mediated manner (20, 21). Furthermore, inflammation directly stimulates corneal nociceptor nerve terminals (22, 23). Persistent ocular surface inflammation then results in nerve fiber damage, which in turn perpetuates the disease (24). In this regard, it has been shown that desiccating stress leads to diminished corneal subbasal and intraepithelial nerve density, altered nerve morphology, decreased cornea sensitivity, and pain (25–30). Damage and malfunction of the corneal sensory nerves can lead to decreased blink reflex and tear production, which further augments the disease (31–33).

Although the role of inflammation in the pathogenesis of DED is well studied (14–17, 34), our knowledge on the kinetics of corneal immune cells and the potential role of nerves in affecting immune cell migration during the course of DED is limited. In this study, we investigate the effects of desiccating stress-induced DED on alterations in the three-dimensional (3D) morphology and kinetics of cDCs, as well as their relation to nerves. Utilizing intravital multiphoton microscopy (IV-MPM) of the ocular surface of transgenic mice with fluorescent-tagged cDCs and nerves, we demonstrate that cDCs are more spherical and more motile during DED. In addition, we demonstrate how contact with nerves impacts these morphological and kinetic alterations of cDCs during DED.



MATERIALS AND METHODS


Mice

Wild-type female C57BL/6 mice were purchased from Charles River (Charles River Laboratories, Wilmington, MA, United States). Thy1YFP mice [B6.Cg-Tg (Thy1-YFP)16Jrs/J] were obtained from the Jackson Laboratory (Bar Harbor, ME, United States) as heterozygous and bred to homozygous with repeated matings between male and female mice with high copies of the transgenes for yellow fluorescent protein (YFP). This was required in order to obtain mice with higher fluorescence for IV-MPM. CD11cEYFP mice were a generous gift from Dr. Michel C. Nussenzweig from Rockefeller University (35). CD11cYFP × Thy1YFP mice were generated by crossing homozygous Thy1YFP with homozygous CD11cEYFP repeatedly until both the nerves and cDCs were colocalized with YFP in the cornea. Primer sets used for quantitative PCR for genotyping included the following: Thy1-YFP forward 5-GCCCTGGCCCACCCTCGTGACCACCTTCG-3, Thy1-YFP reverse 5- CCTGATGCCGTTCTTCTGCTTGTCGGGCA-3, CD11c-EYFP forward 5-TGCTGGTTGTTGTGCTGTCTCATC- 3, and CD11c-EYFP reverse 5-GGGGGTGTTCTGCTGGTAG TGGTC-3.

The Thy1-YFP mice express YFP under the control of regulatory elements of the Thy1 gene and thus label neuronal populations, primarily sensory and motor neurons. The CD11c-YFP mice carry the EYFP transgene under the control of the CD11c promoter (35). Thus, our CD11cYFP × Thy1YFP mice allow visualization of both CD11c+ cDCs and Thy1+ neurons in the same animals. Because females are more prone to DED and female mice develop more severe clinical disease than age-matched males (36), in this study, only 6- to 8-week-old female mice were used in all experiments. Mice were housed at Tufts Department of Lab Animal Medicine and were treated in accordance with the Association of Research and Vision in Ophthalmology (ARVO) statement for the Use of Animals in Ophthalmology and Vision Research. All experiments were performed after the review and approval from the Institutional Animal Care and Use Committee (IACUC number B2018-47) at Tufts University and Tufts Medical Center, Boston, MA, United States.



Murine Model of Dry Eye Disease

At the age of 6–8 weeks, CD11cYFP × Thy1YFP mice were either housed in a low-humidity, temperature-regulated custom-made controlled environment chamber (Percival Scientific Inc, Perry, IA, United States) for 4 weeks to develop desiccating stress-induced evaporative DED, or were kept under standard housing with a humidity of 50–60% and a temperature of 21–23°C to serve as naïve controls (37). Using the controlled environment chamber, we exposed the animals to a humidity of 15%, and air circulation of 15 L/min, at 21–23°C temperature using the INTELLIS Ultra Control System and Desiccant dryer 50 cfm leading to desiccating stress. The chamber is sealed, avoiding the direct exchange of air between the outside and the inside, and is connected to a desiccant, which introduces air with low humidity inside the chamber. Inside the chamber, three sensors are located in order to monitor the humidity, airflow, and temperature. Sensors are connected to a router in order to automatically monitor the parameters. In order to maximize exposure, mice were housed in custom-designed fenestrated cages (Ancare Corp. Bellmore, NY, United States). The cages were built with vents at each side to maximize the airflow through them in order to achieve greater desiccating stress on the ocular surface.



Clinical Evaluation

Corneal fluorescein staining (CFS) was performed and scored according to the National Eye Institute (NEI) scale (38). In brief, CFS was graded in five corneal regions, each ranging from 0 to 3, and the sum of the scores of all regions was measured (range, 0–15). Tear secretion was assessed by measuring the wetted length of a phenol red thread (Zone-Quick; Hilco Vision Headquarters, Plainville, MA, United States), which was placed in the lateral canthus of anesthetized mice for 30 sec (39, 40).



Ocular Surface Intravital Multiphoton Microscopy

Animals were anesthetized, and body and ocular surface temperatures were tightly regulated as previously described (41, 42). For central corneal IV-MPM, following intraperitoneal injection of ketamine (100 mg/kg), xylazine (20 mg/kg), and acepromazine (3 mg/kg) mixture, mice were placed on a custom and tiltable stereotactic stage to focus on the cornea and limbus. Proper depth of anesthesia was assessed every 30–60 min with supplemental doses of ketamine alone (100 mg/kg). Topical proparacaine hydrochloride (0.5%) and Genteal ophthalmic lubricant gel (Alcon, Fort Worth, TX, United States) were applied to the examined eye and a 5-0 non-absorbable silk suture (Surgical Specialities Corporation, Reading, PA, United States) was placed around the eye to prevent eye closure, blinking, and nystagmus while allowing the normal flow of blood to the eye. To maintain ocular surface temperature and moisture, a sealed chamber was created around the exposed portion of the eye using high vacuum grease (Dow Corning, Midland, MI, United States) and plastics placed on the grease as previously described (41). Genteal gel was added to the chamber, and hot water circulated through the tubing and chamber assembly to maintain a temperature range within 2°C of the physiological ocular surface temperature (34°C; range, 33-35°C). The IV-MPM setup and surgical mouse preparation for imaging the limbus and peripheral cornea are described elsewhere (42).

An Ultima Multiphoton Microscope System (Bruker, Fitchburg, WI, United States) equipped with two MaiTai Ti/Sapphire DeepSee lasers (Newport Spectra-Physics, Irvine, CA, United States), allowing for simultaneous coaxial 850 and 900 nm illumination to achieve two-photon excitation and second harmonic generation, was utilized for all experiments. Using a 20 × −1.0 NA (Olympus XLUMPLFLN, Tokyo, Japan) water immersion objective, scans of the ocular surface were taken every 30–60 sec over a period of up to an hour with 512 × 512 resolution and twofold line averaging, as previously described (41).



Image Analysis and Processing

3D measurements of cell morphology and cell motility were calculated using Imaris (Bitplane, Zurich, Switzerland) as previously described (41). In short, 3D cell analysis was performed to elucidate 3D cell surface area (μm2), volume (μm3), and sphericity (range, 0–1) by creating a surface object using the surface tool. Careful consideration and manual confirmation of each cell surface was performed to ensure that created surfaces were representative of the morphology of individual cells. Image stacks were converted into four-dimensional (4D) movies, semi-automated tracking of cell motility was performed, and cell bodies were tracked over time and were manually confirmed at each frame to determine total track length (total track distance of a cell, μm) and displacement length (distance from the initial position of a cell in the track to the last, as a straight line, μm), 3D instantaneous velocity (velocity of a cell between two consecutive frames, μm/min), mean track speed (average speed of a cell over length of imaging, μm/min), and meandering index, which provides a measure of the deviation from a straight line of a migratory cell (a value of 1 indicating that the track is a straight line) (43). Static cells with a displacement of <10 μm were excluded from meandering index analysis (41). In order to elucidate the effect of cDC contact with nerves on cDC morphological and kinetic parameters, each cell in all videos from all areas of limbus, peripheral, and central cornea was assessed by two independent investigators using 3D and 4D reconstructed videos to evaluate the presence of contact or lack of contact with nerves (interobserver agreement kappa = 0.83). All cells in the assessed videos were categorized as either with or without contact with nerves, unless the investigators did not agree on the presence or lack of contact with nerves. In such cases, the examined cells were excluded from further analysis on the effect of nerve contact on cDC morphology and kinetics.



Confocal Microscopy

In order to assess if we can observe cDCs in contact with nerves in the limbus and cornea of wild-type C57BL/6 and CD11cYFP × Thy1YFP mice, the corneas and limbus of wild-type C57BL/6 and CD11cYFP × Thy1YFP mice were excised; samples from wild-type mice were fixed in chilled acetone for 15 min, washed, blocked for 30 min at room temperature (RT) with 3% bovine serum albumin (BSA) containing 1% anti-CD16/CD32 Fc receptor mAb (Bio X Cell, West Lebanon, NH, United States), and were then incubated with a combination of primary fluorophore-conjugated antibodies against Thy1, CD45, F4/80 (all Biolegend, San Diego, CA, United States), and CD11c (eBioscience, San Diego, CA, United States) for 90 min at RT. After washing for three times, samples were mounted with mounting media containing 4′,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Inc., Burlingame, CA, United States) and were visualized by a Leica SP8 confocal microscope (Leica Microsystems Inc., Buffalo Grove, IL, United States). Samples from CD11cYFP × Thy1YFP mice were freshly mounted and underwent confocal microscopy. After acquisition, the epithelium was digitally removed, and 3D videos were reconstructed using Imaris.



Flow Cytometry

The bone marrow of CD11cYFP × Thy1YFP double-transgenic mice were harvested and strained using a 70 μm nylon mesh to yield single-cell suspension. Red blood cells were removed by incubating the single cells in ammonium-chloride-potassium lysing buffer for 1 min at RT. Samples were then washed, blocked and stained in fluorescence-activated cell sorting buffer containing 1% anti-CD16/CD32 Fc receptor mAb (Bio X Cell) and LIVE/DEAD Fixable Blue Dead Cell Stain (Thermo Fisher Scientific, Waltham, MA, United States) at RT for 20 min. Next, single cell suspensions were labeled with fluorophore-conjugated antibodies against CD45, CX3CR1, CD11c, CD11b, CD68, and PDCA-1, or appropriate conjugated isotype controls, for 60 min at RT (all Biolegend or eBioscience). Following a wash, samples underwent flow cytometric analysis using a BD LSR II Flow Cytometer (BD Biosciences). The acquired data were analyzed by FlowJo v10 (FlowJo, LLC, Ashland, OR, United States). Debris, dead cells, and doublets were excluded using forward and side scatters and a live/dead cell marker (Supplementary Figure S1).



Statistical Analysis

Results are presented as mean ± standard error of the mean (SEM). To compare cDC morphological and kinetic characteristics between groups, at least three IV-MPM videos, each taken from an individual mouse, were pooled. To determine the differences in cDC density, morphological and kinetic parameters between experimental DED and naïve groups, as well as between cDCs in contact and not in contact with nerves, t test was employed. To assess regional differences in the density, morphology, and kinetic parameters of cDCs (in three regions of limbus, peripheral, and central cornea), ANOVA with Tukey post hoc test was used (Prism GraphPad Software, La Jolla, CA, United States). Differences between groups were considered significant if p < 0.05.



RESULTS


Clinical Assessment of Dry Eye Disease Severity

Clinical assessment revealed that mice exposed to desiccating stress developed clinical signs of DED, with a significantly higher CFS (13.8 ± 0.3) compared to naïve controls (0.5 ± 0.2, p < 0.001; n = 5–6/group; Figures 1A,B). Furthermore, the mice exposed to desiccating stress showed lower tear volume (3.4 ± 0.92 mm) in comparison to naïve mice (8.8 ± 0.5 mm, p = 0.005; n = 6–12/group; Figure 1C).
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FIGURE 1. Ocular surface findings in desiccating stress-induced dry eye disease. (A) Representative corneal fluorescein staining images. (B) Quantification of fluorescein staining scores revealed a significant increase in corneal staining in mice exposed to desiccating stress compared to naïve controls (n = 5–6/group). (C) Tear volume using phenol red thread test showed a significant decrease in tear volume in mice exposed to desiccating stress compared to naïve controls (n = 6–12/group). Results are presented as mean ± SEM, t test, **p < 0.01, ***p < 0.001.




Alterations in Dendritic Cell Density and 3D Morphology in Dry Eye Disease

We initially aimed to characterize the identity of YFP+ cells in CD11cYFP × Thy1YFP mice. Thus, we performed flow cytometry on the bone marrow of these transgenic mice. As depicted in Supplementary Figure S1, we initially gated out debris and dead cells (Supplementary Figure S1A), doublets (Supplementary Figure S1B), and gated on YFP+ cells (Supplementary Figure S1C). Next, using fluorescent minus one controls, we observed that YFP+ cells in the bone marrow of CD11cYFP × Thy1YFP mice were in fact cDCs, as they expressed the pan-leukocyte marker, CD45, myeloid markers, CD11b and CX3CR1, dendritic cell marker, CD11c; but were majorly negative for plasmacytoid dendritic cell marker, PDCA-1, as well as macrophage marker, CD68 (Supplementary Figure S1D).

Having established the identity of YFP+ cells in CD11cYFP × Thy1YFP mice, we next examined if desiccating stress-induced DED affects the density of YFP+ cDCs in the limbus, peripheral, and central cornea, using IV-MPM (Figure 2A). A higher density of YFP+ cDCs was found in both the limbus and peripheral cornea in the DED group (limbus, 437.5 ± 45.1 cells/mm2; peripheral cornea, 243.8 ± 32.9 cells/mm2) compared to naïve controls (limbus, 260.4 ± 30.9 cells/mm2, p = 0.013; peripheral cornea, 127.5 ± 23.2 cells/mm2, p = 0.021; Figure 2B). However, despite a 2.4-fold increase, the density of cDCs in the central cornea did not reach statistical significance (137.5 ± 33.1 cells/mm2 in DED vs. 58.3 ± 4.2 cells/mm2 in naïve mice, p = 0.076; Figure 2B). Furthermore, as expected, in both naïve mice and mice with DED, we observed higher densities of cDCs in the limbus compared with that in the peripheral (p = 0.027 and p = 0.009, respectively) and central corneas (p = 0.003 and p < 0.001, respectively).
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FIGURE 2. Morphological features of conventional dendritic cells. (A) Representative intravital multiphoton microscopy (IV-MPM) images of ocular surface conventional dendritic cells (cDCs) in naïve mice and after exposure to desiccating stress-induced dry eye disease (DED). (B) Quantification of the density of YPF+ cDCs highlighting an increase in cDCs in the limbus and cornea in DED (n = 3–5/group). (C–E) 3D Morphological analyses of YPF+ cDCs in naïve and after exposure to desiccating stress, pooled from at least three mice/group, including (C) 3D cell surface area, (D) 3D cell volume, and (E) sphericity. Scale bars: 100 μm. Results are presented as mean ± SEM, t test, *p < 0.05, **p < 0.01, and ***p < 0.001.


We next compared the 3D morphological parameters of cDCs in DED to naïve mice. As shown in Figure 2C, cDCs in the limbus and peripheral cornea of DED mice were smaller, with lower 3D cell surface area compared to that of naïve mice (limbus, 1,127.2 ± 55.0 vs. 1,761.9 ± 104.1 μm2, p < 0.001; peripheral cornea, 1,279.0 ± 129.8 vs. 1,875.5 ± 148.5 μm2, p = 0.005), but there was no difference in the central cornea between the groups (DED, 1,616.5 ± 128.4 vs. naïve mice, 2,049.8 ± 242.8 μm2, p = 0.088; Figure 2C). cDC volume in the limbus was also lower in DED compared to that in the naïve group (1,880.8 ± 184.3 vs. 3,371.5 ± 186.3 μm3, p < 0.001; Figure 2D) but not in the peripheral cornea (2,375.4 ± 324.0 vs. 3,038.9 ± 306.5 μm3, p = 0.184) and central cornea (3,530.7 ± 391.6 vs. 3,750.1 ± 510.4 μm2, p = 0.744; Figure 2D). Furthermore, assessment of cDC sphericity in DED exhibited higher sphericity in the peripheral (0.66 ± 0.02 vs. 0.54 ± 0.01, p < 0.001) and central corneas (0.68 ± 0.01 vs. 0.59 ± 0.03, p = 0.002), but not in the limbus (0.63 ± 0.01 vs. 0.62 ± 0.01, p = 0.432) compared to naïve controls (Figure 2E). Assessing the potential regional differences in the morphology of cDCs, we noticed that it is only during DED that limbal cDCs exhibited less 3D cell surface area (p = 0.035; Supplementary Figure S2A) and volume (p = 0.002; Supplementary Figure S2B) compared to central corneal cDCs. However, we did not observe significant regional differences in the sphericity of cDCs during DED (Supplementary Figure S2C).

Taken together, our results highlight that DED significantly alters cDC morphology in the limbus and cornea, with more prominent alterations in the limbus and peripheral cornea.



Alterations in cDC Kinetics in Dry Eye Disease

Having observed alterations in the morphological properties of cDCs in DED, we next investigated if the in vivo ocular surface cDC kinetics are altered in DED. Thus, we performed IV-MPM and analyzed kinetics of cDCs in the limbus/peripheral corneas of naïve mice (Supplementary Video S1) and mice with DED (Supplementary Video S2), as well as in the central cornea in naïve controls (Supplementary Video S3) and following induction of DED by desiccating stress (Supplementary Video S4). Representative IV-MPM still images of cDC migration in the limbus and cornea of naïve and DED mice are shown in Figure 3A. We observed that the track length of cDCs in the limbus was significantly increased in DED (80.73 ± 3.79 μm) compared to naïve mice (69.24 ± 2.53 μm, p = 0.033; Figures 3B,D). The difference was also present in the central cornea (115.60 ± 8.53 vs. 35.13 ± 5.60 μm, p < 0.001) and in the peripheral cornea (92.39 ± 6.85 vs. 59.51 ± 5.45 μm, p < 0.001; Figures 3C,D). Interestingly, we also noted a significantly longer displacement in cDCs in DED compared to naïve mice in the limbus (8.87 ± 0.68 vs. 6.63 ± 0.32 μm, p = 0.028) as well as central cornea (11.09 ± 1.68 vs. 4.59 ± 0.44 μm, p = 0.007). However, cDC displacement was comparable in the peripheral corneas of naïve (5.18 ± 0.44 μm) and DED mice (7.65 ± 1.33 μm, p = 0.080; Figure 3E).


[image: image]

FIGURE 3. Kinetics of conventional dendritic cells. (A) Representative still images of YFP+ conventional dendritic cells (cDCs) in the limbus (top panels), peripheral (middle panels), and central corneas (bottom panels). The thin colored lines represent cell tracks based on the time scale. (B,C) Representative displacement tracks of YFP+ cDCs with centered alignment in the (B) limbus and (C) cornea in naïve state and after exposure to desiccating stress-induced dry eye disease (DED) reveal altered displacement and directionality of cDCs after exposure to desiccating stress. (D,E) Kinetic characteristics including (D) track length, (E) displacement length, (F) 3D instantaneous velocity, (G) mean track speed, and (H) and meandering indices of YFP+ cDC tracks, pooled from at least three mice/group. Scale bars: 10 μm. Results are presented as mean ± SEM, t test, *p < 0.05, **p < 0.01, and ***p < 0.001.


Analysis of velocity revealed significant differences in 3D instantaneous velocity of ocular surface cDCs in DED compared to the naïve setting (Figure 3F). This increase was noted in cDCs within the limbus (1.70 ± 0.02 vs. 1.52 ± 0.01 μm/min, p < 0.001), peripheral (1.49 ± 0.02 vs. 1.35 ± 0.02 μm/min, p < 0.001), and central cornea (2.02 ± 0.04 vs. 1.14 ± 0.03 μm/min, p < 0.001) compared to naïve. Similarly, we observed a greater mean track speed of cDCs in DED compared to naïve mice in the limbus (2.69 ± 0.11 vs. 2.35 ± 0.05 μm/min, p = 0.036), peripheral (3.04 ± 0.18 vs. 2.12 ± 0.09 μm/min, p < 0.001), and central cornea (3.24 ± 0.20 vs. 1.60 ± 0.14 μm/min, p < 0.001; Figure 3G). Thus, our findings show that, while in naïve mice cDCs show minor motility, following exposure to desiccating stress, their kinetic features are altered, exhibiting higher kinesis with a faster speed.

To further assess the directionality of the movements of cDCs in the ocular surface, we measured meandering indices of cDCs in the limbus and cornea during DED, since during the steady state, the motility is limited. We noted a significant regional difference in the meandering index of limbal cDCs (0.30 ± 0.03) compared with cDCs in the central cornea (0.17 ± 0.04, p = 0.044; Figure 3H) in mice with DED. However, we did not observe a significant difference between peripheral (0.20 ± 0.03) and central corneal cDCs (p = 0.979; Figure 3H).

We also evaluated the regional differences in the kinetics of cDCs in the limbus, peripheral, and central cornea. We observed that in naïve mice, cDCs in the limbus traveled over longer tracks compared with cDCs in the central cornea (p = 0.008; Supplementary Figure S2D). However, in mice with DED, cDCs in the central cornea moved over longer tracks compared with cDCs in the limbus (p < 0.001; Supplementary Figure S2D). No significant differences were observed in the displacement of cDCs in the limbus, peripheral, and central cornea (Supplementary Figure S2E). In naïve mice, cDCs in the limbus showed higher 3D instantaneous velocity compared with cDCs in the peripheral (p < 0.001; Supplementary Figure S2F) and central cornea (p < 0.001; Supplementary Figure S2F). Furthermore, peripheral corneal cDCs migrated with a higher 3D instantaneous velocity compared with cDCs in the central cornea (p = 0.007; Supplementary Figure S2F). In mice with DED, cDCs in the central cornea exhibited higher 3D instantaneous velocity compared with cDCs in the limbus (p < 0.001; Supplementary Figure S2F) and peripheral cornea (p < 0.001; Supplementary Figure S2F). However, we did not detect significant differences in mean track speed of cDCs in the limbus, peripheral, and central corneas (Supplementary Figure S2G). In summary, we observed that during DED, cDCs exhibited altered migratory kinetics, with the highest pace in the peripheral and central cornea.



The Impact of Nerve Contact on Alterations in Morphology and Kinetics of cDCs

Associations between nerves and immune cells at the ocular surface have recently been reported (12, 44). Desiccating stress-induced DED has been noted to lead to morphological and functional ocular surface nerve alterations (25–28). Accordingly, we sought to investigate if the morphology and kinetic properties of cDCs in the ocular surface change when they were in contact with nerves in both DED and the naïve setting. In order to assess if we can visualize cDCs with and without contact with nerves, we initially performed confocal microscopy on whole-mounted limbus/cornea of wild-type mice during steady state. As presented in Figure 4A, we could detect cDCs, judged by expression of CD45 and CD11c, in contact with Thy1-expressing nerves (white arrows) as well as without contact with Thy1+ nerves (red arrow). Noteworthy, we observed that CD11c+ cells in contact (Supplementary Figure S3, white arrows) and without contact with nerves (Supplementary Figure S3, red arrows) do not costain with F4/80, confirming their identity as cDCs. Next, to assess if we can observe cDCs in contact with nerves in the limbus and cornea of CD11cYFP × Thy1YFP mice, we performed confocal microscopy on fresh corneal samples of double-transgenic naïve mice. As represented in Figure 4B, we identified cDCs, which were with contact (Figure 4B and Supplementary Figures S4A,B, white arrows; Supplementary Video S5) or without contact (Figure 4B and Supplementary Figures S4C,D, red arrows; Supplementary Video S6) with YFP+ nerves. Notably, in confocal micrographs, cDCs could be differentiated from Thy1+ nerves based on their morphology and presence of DAPI-stained nucleus (Supplementary Figures S4B,D; arrows). Next, we analyzed the frequency of cDCs with nerve contact (Figure 4C, white arrow; Supplementary Video S7) and without nerve contact (Figure 4C, red arrow; Supplementary Video S8) in naïve and DED mice via IV-MPM. We observed that, while 78.1 ± 3.6% of cDCs in the limbus were in contact with nerves during steady state, in mice with DED, only 47.9 ± 6.3% of cDCs in the limbus were in contact with nerves (p = 0.013; n = 3–5/group; Supplementary Figure S5). Notably, we observed a comparable reduction in the frequency of cDCs in contact with nerves in mice with DED in the peripheral and central cornea in mice with DED compared with naïve mice (p = 0.026 and p < 0.001, respectively; Supplementary Figure S5). Next, we analyzed 3D morphological parameters of cDCs in with and without nerve contact in naïve and DED mice using IV-MPM. Our analysis revealed that in naïve mice, cDCs in contact with nerves were significantly larger in terms of 3D cell surface area (2,359.0 ± 177.7 vs. 1,481.7 ± 90.0 μm2, p < 0.001; Figure 4D) and volume (4,522.9 ± 422.8 vs. 2,466.0 ± 175.7 μm3, p < 0.001; Figure 4E), but less spherical (0.57 ± 0.01 vs. 0.61 ± 0.01, p = 0.043; Figure 4F), compared to cDCs that are not in contact with nerves. Similarly, in the DED group, cDCs that were in contact with nerves had a greater 3D cell surface area compared to those not in contact with nerves (1,747.2 ± 193.9 vs. 1,255.0 ± 60.7 μm2, p = 0.004; Figure 4D). However, there were no significant differences in volume and sphericity of cDCs with and without nerve contact in DED (volume, 2,860.4 ± 293.7 vs. 2,308.9 ± 138.1 μm3, p = 0.129; sphericity, 0.66 ± 0.02 vs. 0.66 ± 0.01, p = 0.985, respectively; Figures 4E,F).


[image: image]

FIGURE 4. Morphological features of conventional dendritic cells based on their relation with nerves. (A) Representative confocal micrograph of corneal/limbal whole mount of a naïve wild-type mouse stained with Thy1, CD45, CD11c, and 4′,6-diamidino-2-phenylindole (DAPI) showing CD45+ CD11c+ conventional dendritic cells (cDCs) in contact (white arrows) and without contact (red arrow) with Thy1+ nerves. (B) Representative confocal micrograph of corneal/limbal whole-mount of a naïve CD11cYFP × Thy1YFP mouse mounted with DAPI showing YFP+ cDCs in contact (white arrows) and without contact (red arrow) with YFP+ nerves. (C) Representative intravital multiphoton microscopy (IV-MPM) images of peripheral corneal cDCs in contact (left panel, white arrow) and without contact (right panel, red arrow) with nerves in CD11cYFP × Thy1YFP mice after exposure to desiccating stress-induced dry eye disease (DED). (D–F) Morphological characteristics including (D) 3D cell surface area, (E) 3D cell volume, and (F) sphericity of cDCs in contact and without contact with nerves, pooled from at least three mice/group. Scale bars: 50 μm in (A,B) and 20 μm in (C). Results are presented as mean ± SEM, t test. SHG, Second harmonic generation. *p < 0.05, **p < 0.01, and ***p < 0.001.


We next sought to investigate the effect of contact with nerves on cDC kinetics. As depicted in Figures 5A,B, we observed that cDCs in contact with nerves showed less motility in comparison with cDCs without apparent contact with nerves in both naïve (Figure 5A) and DED mice (Figure 5B). There were no significant differences in the track length (79.99 ± 4.20 vs. 68.41 ± 3.62 μm, p = 0.102; Figure 5C) of cDCs with and without nerve contact in the naïve setting. However, cDCs that are in contact with nerves showed a lower displacement (3.15 ± 0.36 vs. 5.62 ± 0.43 μm, p = 0.004; Figure 5D), 3D instantaneous velocity (0.83 ± 0.01 vs. 1.05 ± 0.01 μm/min, p < 0.001; Figure 5E), and mean track speed (1.60 ± 0.07 vs. 1.93 ± 0.06 μm/min, p = 0.005; Figure 5F) compared to cDCs not in contact with nerves. Interestingly, cDCs in contact with nerves showed a shorter track length (65.57 ± 4.24 vs. 81.64 ± 3.99 μm, p = 0.012; Figure 5C), less displacement (7.46 ± 0.78 vs. 9.96 ± 0.73 μm, p = 0.030; Figure 5D), lower 3D instantaneous velocity (1.39 ± 0.02 vs. 1.56 ± 0.01 μm/min, p < 0.001; Figure 5E), and mean track speed (2.24 ± 0.13 vs. 2.61 ± 0.09 μm/min, p = 0.017; Figure 5F) compared to cDCs not in contact with nerves in the DED setting. Finally, analysis of meandering index for cDCs in mice with DED revealed no significant difference in directionality between cDCs in contact and those not in contact with nerves (0.26 ± 0.05 vs. 0.29 ± 0.03, p = 0.65; Figure 5G). Thus, our results suggest that contact with nerves alters the aforementioned changes in the morphological properties and kinetics of cDCs in DED.


[image: image]

FIGURE 5. Kinetics of conventional dendritic cells according to their relation with nerves. (A,B) Representative displacement tracks of YFP+ conventional dendritic cells (cDCs) with and without nerve contact in (A) naïve and (B) dry eye disease (DED) mice with centered alignment shows reduced alterations in cDCs with nerve contact. (C–G) Kinetic characteristics including (C) track length, (D) displacement length, (E) 3D instantaneous velocity, (F) mean track speed, and (G) meandering indices of YFP+ cDC tracks in contact or not in contact with nerves, pooled from at least three mice/group. Results are presented as mean ± SEM, t test, *p < 0.05, **p < 0.01, and ***p < 0.001.




DISCUSSION

Through the use of IV-MPM on double-transgenic mice, we presented detailed alterations in the 3D morphology and kinetics of ocular surface cDCs following desiccating stress-induced DED and cDC-nerves interplay in this process. Multiple properties of IV-MPM, including its non-invasive nature, small focal point, second harmonic generation, and limited phototoxicity allow for real-time assessment of single cDC dynamics with high spatial and temporal resolution in vivo, without requiring antibodies and dyes for visualization. Using the strengths of IV-MPM, we showed that following exposure to desiccating stress, cDCs are increased in the ocular surface and exhibit remarkable alterations in their morphology and migratory characteristics. In fact, while during the steady state cDCs possess an elongated shape with long dendrites and are relatively static, they adopt a more migratory state (45) in DED, with less surface area and volume and more sphericity and migratory kinetics. Furthermore, we revealed that during DED, a significant fraction of cDCs lose their contact with nerves, which significantly alters their kinetics and 3D morphological parameters, suggesting the importance of neuroimmune interplay in the course of DED.

Several murine models have been developed to investigate DED. These include a wide range of genetic modifications, surgical techniques, and medical interventions to decrease tear production or secretion. Among less invasive approaches, inducing lacrimal gland insufficiency and atrophy by administrating agents such as parasympatholytic molecule scopolamine or imposing desiccating stress on the ocular surface by placing laboratory animals in controlled environment with low humidity and high flow rate are commonly used (37, 46–48). In order to avoid potential effects of surgical procedures, genetic modifications, and systemic medications on immune cells as well as potential off-target systemic effects of such manipulations, in this study, we aimed to induce DED solely by exposing the mice to environmental desiccating stress via a controlled environment chamber, as a model of desiccation-induced DED (37).

During steady state, cDCs reside among the basal layers of the epithelium as well as in the anterior stroma in the cornea (7, 49–51). We previously reported that during steady state, populations of corneal immune cells including cDCs are mainly static, only exhibiting centroid movement with minor displacement, suggestive of environmental sampling (41). In line with the prior report, we observed that cDCs are less motile in the naïve setting; however, greater track length, 3D instantaneous velocity, and mean track speed reaching ∼3 μm/min in the cornea are noted in cDCs following DED. Although there is paucity of similar studies in the literature to directly compare our findings, in a report investigating migration in the peripheral cornea and limbus following intrastromal suture-induced inflammation, auto-fluorescent immune cells were noted to have a mean speed of 9.5 μm/min, with a maximum speed of 54.0 μm/min (52). We previously reported that after thermal cautery burn, CD11c+ and MHC-II+ APCs have a mean speed of approximately 1.9 and 3.0 μm/min in the cornea, respectively (41). The differences between reports might be explained by the differences in the type of examined cells and the nature of inflammatory response in the cornea since, herein, we investigated DED as a subacute to chronic inflammatory state, while previous reports assessed acute corneal inflammation (41). Furthermore, we noted regional differences in the morphology and kinetics of cDCs. We observed that, in particular during DED, cDCs in the limbus harbor less surface area and volume and travel with lower 3D instantaneous velocity compared to central corneal cDCs. This maybe at least in part explained by some cDCs, which undergo morphological alterations that facilitate adhesion and extravasation from blood vessels or egress to draining lymph nodes in the limbal area.

Resident immune cells in the cornea are considered long-lived, since even after 6 months following transfer of bone marrow cells or bone marrow-derived hematopoietic stem cells to irradiated mice, not all immune cells in the cornea are replaced (53, 54). Transferred cells initially reach the limbus and later migrate to peripheral and subsequently to central corneas (53, 54); however, it is not yet clear if during the steady state, the resident immune cells of the cornea slowly self-regenerate through mitosis, arise from tissue resident precursors, or are recruited from the circulating blood (49, 53, 54). Nevertheless, upon inflammatory stimuli and increase in chemokines/cytokines in the cornea, cDCs are increased in the cornea, at least in part through recruitment from the blood (50, 51, 55). In this study, we observed that cDCs displayed longer track lengths in DED in the limbus, and exhibited a higher meandering index in the limbus compared with the corneal areas; thus, in line with prior studies, it might be postulated that cDCs recruited from the blood stream enter the tissue in the limbus, where they migrate to the peripheral and then the central cornea due to chemotactic gradients in the cornea during DED. However, in the cornea, cDCs did not show a preferential movement direction judged by centered displacement plots and meandering indices. This finding might be explained by the fact that desiccating stress, as the stimulus for inflammation, affects the cornea relatively evenly; thus, cDCs were not directed toward a specific location in the cornea. Additional investigation of immune cell kinetics at various time points following exposure to desiccating stress is required to elucidate a correlation between kinetics of cDCs and DED progression.

Association of immune cells and nerves has been reported in various peripheral and lymphoid tissues (56–61). In the cornea, the most densely innervated tissue of the body, cDCs and macrophages have been shown to reside in close proximity to the nerves in both humans and rodents (12, 44, 62–65). Although, during steady state, the immune cells display a close association with nerves in the cornea, it is shown that macrophages dissociate from nerves following corneal insults (12). Although the impact of this dissociation on the initiation or propagation of immune response, and the mechanisms associated with this warrant further in depth studies, it may be postulated that, upon receiving a danger signal directly from the microenvironment or through nerves, immune cells dissociate from nerves to freely surveil the tissue, take up antigens, and transfer them to draining lymph nodes. Secretory factors, such as cytokines, chemokines, and neurotransmitters, may play a role in the dissociation of immune cells from the nerves. In this regard, it has been shown that neurotransmitters, such as beta-endorphin, which are released by immune cells, may decrease the association of immune cells with dorsal nerve ganglion cells in vitro (66). In line with these observations, we demonstrate that cDCs in contact with nerves were larger, less spherical, and less motile compared to cDCs not in contact with nerves in naïve mice. However, although cDCs generally became smaller, more spherical, and motile in DED, cDCs in contact with nerves were still larger and less motile than other cDCs. These observations suggest that preservation of contact with nerves may prevent the morphological and kinetic alterations of cDCs in DED.

There is a growing body of evidence suggesting that the nervous system contributes to the control of local inflammation. Various studies have found that neurotransmitters and neuropeptides, such as substance P (SP), calcitonin gene-related peptide (CGRP), vasoactive intestinal polypeptide, secretoneurin, nerve-growth factor (NGF), and neuropeptide Y, are able to directly modulate the immune response in peripheral tissues (67–74). In this regard, the release of two key neuropeptides, CGRP and SP, by sensory nerves induces neurogenic inflammation (61, 75). These neuropeptides directly act on vascular endothelial and smooth muscle cells to enable vasodilation, increase capillary permeability, and stimulate leukocyte extravasation (76, 77) and thus play an important role in progression of DED (23, 78, 79). Despite the progress on neural control of inflammation, previous studies have focused on non-contact-mediated mechanisms through which nerves may regulate immune cells, whereas our study suggests the potential presence of additional contact-mediated mechanisms for neuroimmune interactions, since we observed differences in multiple parameters between cDCs with and without nerve contact. Notably, while cDC contact with nerves dampened cDC motility, it did not reduce cDC movement to naïve levels. This may be, in part, explained by the potential damage or dysfunction of nerves at the ocular surface as a result of DED or by the inflammatory microenvironment, impacting the immunomodulatory effect that nerves may have on cDCs.

It should also be noted that the corneal epithelial cells that provide support to the terminal nerve fibers extending toward the ocular surface (80) may also influence cDC–nerve association (44). Furthermore, it has previously been shown that morphology, thickness, and migration patterns of corneal epithelial cells may be altered in various corneal conditions (81–83). In particular, DED is associated with increased corneal epithelial cell turnover and thickness (84), likely due to an increase in the proliferation and migration of limbal epithelial stem cells via a natural centripetal migratory movement as a result of increased desquamation in DED (81, 85, 86). Therefore, the investigation of neuro-immune–epithelial interaction in steady state and disease states, such as in DED, may provide crucial information as to the impact of epithelial cells on neuro-immune crosstalk or vice versa. Considering that the prevalence of DED increases with age (3) and, conversely, corneal nerve density and sensitivity is decreased during aging (28), another avenue for future studies is to investigate the effect of aging on trafficking of immune cells and on neuro-immune interactions in the cornea.

Considering that the cornea is an avascular tissue, systemic administration of large molecules, such as antibodies, does not allow labeling of the corneal structures (87–89). Similarly, subconjunctival injection of antibodies generally does not lead to proper labeling of all corneal structures, such as the epithelium (90), in which a subset of immune cells reside. Moreover, intact corneal epithelium, as the most anterior layer of the cornea, does not allow for penetration of large molecules (90–92). Thus, to assess cDCs and nerves, in this study, we took benefit of transgenic mice with fluorescently labeled cDCs and nerves. However, this approach harbors several shortcomings. One of the limitations is that not all ocular surface nerves express Thy1 and hence YFP; thereby, we may have underestimated the number of cDCs in contact with nerves and falsely classified them to the non-contact group, which may have decreased the power of our comparisons. While this may indeed be the case, our results demonstrate significant differences in morphology and kinetics between cells in contact and not in contact with nerves. Furthermore, we determined the contact between corneal nerves and cDCs based on fluorescence signal detected by IV-MPM using Imaris, which enabled us to assess the spatial relation of each cell with surrounding nerves in 3D. Nevertheless, fluorescence signal may not reflect true contact. Therefore, future studies, utilizing alternative methodologies, such as transmission electron microscopy or in vitro co-cultures, are needed to confirm our findings. Another potential limitation of our study is the complicated process of preparing the mice for imaging, including application of local anesthetic drops, lubricant, and suture placement around the eye, all of which may potentially affect corneal nerve function and immune cell behavior. However, in this study, our control naïve mice also underwent a similar procedure for imaging, which limits potential inaccuracy of our findings. The presence of Thy1-YFP+ myeloid-derived cells, capable of secreting NGF following inflammation within the cornea, has previously been reported (93, 94). To address possible limitation of inclusion of these cells among the YFP+ cells in our CD11cYFP × Thy1YFP double-transgenic mice, we performed flow cytometric analysis on YFP+ cells and found that the majority of them align with a cDC phenotype. Therefore, the inclusion of Thy1-YFP+ cells in our analyses is likely negligible. Furthermore, in our transgenic CD11cYFP × Thy1YFP mice, both cDCs and nerves are labeled with a similar fluorescent protein. Although we could differentiate the YFP+ cDCs from YFP+ neuronal axons in the limbus and the cornea based on their morphology and presence/lack of movement, the application of transgenic mice with differential labeling of cDCs and nerves or alternative approaches to co-label cDCs or corneal nerves would be necessary to further elucidate fine alterations in the morphology of cDCs and nerves and studying potential membrane exchange between these structures in future studies. Nevertheless, we hope that the current study will stimulate further studies in this area.

Further studies are warranted to assess if removal from a desiccating stress environment after development of DED can lead to restoration of morphological and kinetic alterations of cDCs to the naïve setting, and if this is the case, how long is needed for such a recovery. Moreover, additional studies into the mechanisms of neuro-immune interactions at the ocular surface in disease and naïve states are warranted to categorically demonstrate the immunomodulatory role of ocular surface nerves as indicated by the novel intravital kinetic data presented herein. In summary, in this study, using IV-MPM, we illustrated that cDCs undergo morphological alterations and display increased migratory characteristics during DED that is, in part, ameliorated by corneal nerves. Taken together, we present in vivo evidence indicating that sensory nerves of the ocular surface may play an important role in modulating ocular surface immune cells in health and disease.
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FIGURE S1 |
Flow cytometric characterization of YFP+ cells in CD11cYFP × Thy1YFP mice. (A–C) Sequential gating strategy to select live single YFP+ cells among bone marrow cell suspension of a naïve CD11cYFP × Thy1YFP mouse. (A) Gating out dead cells and debris and (B) doublets, and (C) gating on YFP+ cells. (D) Fluorescent minus one histograms for CD45, CD11b, CX3CR1, CD11b, PDCA-1, and CD68 on YFP+ cells. The experiment was repeated 3 times.

FIGURE S2 |
Regional differences in the morphology and kinetics of conventional dendritic cells (cDCs) in the limbus, peripheral, and central cornea. (A–C) Morphologic characteristics including 3D cell surface area (A), 3D cell volume (B), and sphericity (C) of YFP+ cDCs in naïve and DED conditions. (D–G) Kinetic characteristics including track length (D), displacement length (E), 3D instantaneous velocity (F), and mean track speed (G) of YFP+ cDCs in transgenic CD11cYFP × Thy1YFP mice in naïve and DED conditions. Data is pooled from at least 3 mice/group. Results are presented as mean ± SEM, ANOVA with Tukey post hoc, ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.

FIGURE S3 |
Conventional dendritic cells in the cornea reside with or without contact with nerves. Representative confocal micrograph of corneal/limbal whole-mount of a naïve wild-type mouse stained with Thy1, CD11c, F4/80, and DAPI showing CD11c+ F4/80neg conventional dendritic cells can be found in contact (white arrows) or without contact (red arrows) with Thy1+ nerves. The experiment was repeated 3 times. Scale bar: 50 μm.

FIGURE S4 |
Morphologic differentiation of conventional dendritic cells and nerves in the cornea of transgenic CD11cYFP × Thy1YFP mice. Representative confocal micrograph of freshly excised corneal/limbal sample from a naïve CD11cYFP × Thy1YFP mouse mounted with DAPI. conventional dendritic cells (cDCs) exhibit a distinct morphology compared with nerves. (A) Representative maximum intensity projection of whole-mounted tissue, depicting cDCs in contact with nerves (white arrows). (B) Respective section on the level of nucleus shows presence of nucleus in the YFP+ cDCs (white arrows). (C) Representative maximum intensity projection of whole-mounted tissue, illustrating cDCs without contact with nerves (red arrow). (D) Respective section on the level of nucleus shows presence of nucleus in the YFP+ cDC (red arrow). The experiment was repeated 3 times. Scale bars: 50 μm.

FIGURE S5 |
Frequency of conventional dendritic cells in contact with nerves in the limbus and cornea of transgenic CD11cYFP × Thy1YFP mice. Quantification of relative frequency of YFP+ conventional dendritic cells in contact with nerves in the limbus, peripheral, and central cornea in naïve mice and following exposure to desiccating stress (n = 3–5/group). Results are presented as mean ± SEM, t-test, ∗p < 0.05, ∗∗∗p < 0.001.

VIDEO S1 |
Kinetics of conventional dendritic cells in the limbus of a naïve mouse. Representative intravital multi-photon microscopy movie of the limbus of a CD11cYFP × Thy1YFP transgenic mouse in naïve setting. As shown, conventional dendritic cells exhibited subtle locomotion over short tracks. Yellow: YFP, yellow fluorescent protein; Blue: SHG, second harmonic generation delineating collagen. White arrows points to cells with apparent movement. Scale bar: 50 μm.

VIDEO S2 |
Kinetics of conventional dendritic cells in the limbus of a mouse with dry eye disease. Representative intravital multi-photon microscopy movie of the limbus of a CD11cYFP × Thy1YFP transgenic mouse under exposure to desiccating stress. As shown, conventional dendritic cells displaced over longer tracks with a higher mean speed. Yellow: YFP, yellow fluorescent protein; Blue: SHG, second harmonic generation delineating collagen. White arrows points to cells with apparent movement. Scale bar: 50 μm.

VIDEO S3 |
Kinetics of conventional dendritic cells in the central cornea of a naïve mouse. Representative intravital multi-photon microscopy movie of the central cornea of a CD11cYFP × Thy1YFP transgenic mouse in naïve setting. As shown, conventional dendritic cells exhibited subtle locomotion over short tracks. Yellow; YFP, yellow fluorescent protein; Blue: SHG, second harmonic generation delineating collagen. Scale bar: 50 μm.

VIDEO S4 |
Kinetics of conventional dendritic cells in the central cornea of a mouse with dry eye disease. Representative intravital multi-photon microscopy movie of the central cornea of a CD11cYFP × Thy1YFP transgenic mouse under exposure to desiccating stress. As shown, conventional dendritic cells displaced over longer tracks with a higher mean speed. Yellow: YFP, yellow fluorescent protein; Blue: SHG, second harmonic generation delineating collagen. White arrows points to cells with apparent movement. Scale bar: 50 μm.

VIDEO S5 |
Confocal micrograph of conventional dendritic cells in contact with nerves. Representative 3D reconstructed video of confocal micrograph of a CD11cYFP × Thy1YFP transgenic mouse, indicating conventional dendritic cells (cDCs), containing nucleus, in contact with nerve. cDCs and nerves express YFP and are hence illustrated in yellow. Note the dendrite of the cDCs in contact with corneal nerves. Yellow: YFP, yellow fluorescent protein; Blue: DAPI, indicating nucleus. Scale bar: 50–60 μm.

VIDEO S6 |
Confocal micrograph of conventional dendritic cells without nerve contact. Representative 3D reconstructed video of confocal micrograph of a CD11cYFP × Thy1YFP transgenic mouse, indicating a conventional dendritic cell (cDC), containing nucleus, without nerve contact. cDCs and nerves express YFP and are hence illustrated in yellow. Note that the cDC is not in contact with corneal nerves. Yellow: YFP, yellow fluorescent protein; Blue: DAPI, indicating nucleus. Scale bar: 50 μm.

VIDEO S7 |
Intravital multiphoton microscopy ofconventional dendritic cells in contact with nerves. Representative intravital multi-photon microscopy image of a CD11cYFP × Thy1YFP transgenic mouse, indicating conventional dendritic cells (cDCs) in contact with nerve. cDCs and nerves express YFP and are hence illustrated in yellow. Note the dendrite of the cDC in contact with corneal nerves. Yellow; YFP, yellow fluorescent protein; Blue: SHG, second harmonic generation delineating collagen. Scale bar: 20 μm.

VIDEO S8 |
Intravital multiphoton microscopy of conventional dendritic cells without nerve contact. Representative intravital multi-photon microscopy image of a CD11cYFP × Thy1YFP transgenic mouse, indicating conventional dendritic cells (cDCs) without nerve contact. CDcs and nerves express YFP and are hence illustrated in yellow. Note that the cDC highlighted by the arrow is not in contact with corneal nerves. Yellow: YFP, yellow fluorescent protein; Blue: SHG, second harmonic generation delineating collagen. Scale bar: 20 μm.
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