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ABSTRACT: Corneal immune privilege is integral in maintaining the clear avascular window to the foreign world.
The presence of distinct populations of corneal leukocytes (CLs) in the normal cornea has been firmly established.
However, their precise function and kinetics remain, as of yet, unclear. Through intravital multiphoton microscopy
(IV-MPM), allowing the means to accumulate critical spatial and temporal cellular information, we provide details for
long-term investigation of CL morphology and kinetics under steady state and following inflammation. Significant
alterations in size and morphology of corneal CD11c" dendritic cells (DCs) were noted following acute sterile in-
flammation, including cell volume (4364.4 * 489.6 vs. 1787.6 + 111.0 pm®, P <0.001) and sphericity (0.82 + 0.01 vs. 0.42 +
0.02, P < 0.001) compared with steady state. Furthermore, [IV-MPM analyses revealed alterations in both the CD11¢" DC
and major histocompatibility complex class II (MHC)-II* mature antigen-presenting cell population kinetics during
inflammation, including track displacement length (CD11c: 16.57 % 1.41 vs. 4.64 = 0.56 pm, P < 0.001; MHC-II: 9.03 %
0.37 vs.4.09 £ 0.39, P <0.001) and velocity (CD11c: 1.91 * 0.07 pm/min vs. 1.73 = 0.1302 pm/min; MHC-II: 2.97 % 0.07 vs.
1.62 £ 0.08, P < 0.001) compared with steady state. Our results reveal in vivo evidence of sessile CL populations
exhibiting dendritic morphology under steady state and increased velocity of spherical leukocytes following in-
flammation. IV-MPM represents a powerful tool to study leukocytes in corneal diseases in context—Seyed-Razavi, Y.,
Lopez, M. J., Mantopoulos, D., Zheng, L., Massberg, S., Sendra, V. G., Harris, D. L., Hamrah, P. Kinetics of corneal
leukocytes by intravital multiphoton microscopy. FASEB ]J. 33, 000-000 (2019). www.fasebj.org
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The precise microanatomy of the cornea, along with the lens
and clear media of the vitreous, is crucial for the maintenance
of vision. The ocular surface is constantly subjected to envi-
ronmental challenges, including pathogens and allergens,
which can result in inflammation and subsequent loss of
transparency as a result of corneal scarring. Historically, a
purported absence of leukocytes was believed to account
for the immune-privileged status of the cornea that was
thought of as a passive collagenous tissue (1). Anti-
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inflammatory mediators, such as TGF-8 and FasL (2—4), as
well as the absence of major histocompatibility complex
(MHC)-Il antigens (5), lack of blood (6), and lymphatic vessels
(4), contribute to the maintenance of corneal immune privi-
lege and thus, grant the cornea protection from immunologic
damage (7-10). The recent discovery of steady-state bone
marrow-derived leukocytes in the cornea has subsequently
resulted in a paradigm shift in corneal immunology (11,
12). The immune-privileged nature of the cornea is now
thought to be an active process, allowing for specific and
selective immunologic responses to protect the cornea (13).

The cornea is endowed with distinct populations of
corneal leukocytes (CLs) during steady state, which include
epithelial and stromal conventional dendritic cells (DCs),
stromal macrophages, as well as a putative population
of plasmacytoid DCs (pDCs) (14, 15). CD45'CD11c*
DCs, possessing differential expression of CD11b, populate
the corneal epithelium and stroma, with mature (MHC-
II"CD80"CD86") and immature CD11c"™ DCs residing
within the peripheral cornea and universally immature DCs
in the central cornea (16-21). In addition, CD45"CD11c™
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CD11b"F4/80"Iba-1" macrophages are localized through-
out the posterior corneal stroma (19, 22-27). Furthermore,
myeloid-derived CLs, such as DCs and macrophages, ex-
press the fractalkine receptor (CX3CR1) (23). Moreover, a
small population of Langerin® DCs has also been described
in the corneal far peripheral and limbal epithelium, as well
as in the central and paracentral corneal stroma (28). The
presence of putative CD45*CD11c°B220* pDCs has been
reported within the corneal stroma (29). During acute in-
flammation, circulating leukocytes, including neutrophils,
DCs, and macrophages, enter the cornea from limbal ves-
sels, whereas CLs undergo maturation and increase
MHC-II, CD80, and CD86 expression (14, 20). How CLs
behave and are regulated in the homeostatic cornea and
how this tight regulation is lost during inflammation,
however, remain unclear. This presents a clear need for the
real-time investigation of CL behavior in an intact corneal
microenvironment during health and disease.

Intravital multiphoton microscopy (IV-MPM) has allowed
the study of leukocyte kinetics and cell-cell communi-
cation within solid organs and tissues (30-34). The benefits of
a small focal point, greater penetration, and limited photo-
toxicity of IV-MPM allow for high spatial and temporal
resolution analysis of single-cell dynamics in vivo (35-37).
Moreover, second harmonic generation from MPM allows
for delineation of collagen from surrounding tissue (38), a
benefit that has been used in the investigation of unstained
corneas (39-41). To date, intravital studies of leukocyte ki-
netics have been conducted in a number of tissues and or-
gans, including lymph node (42, 43), skin (44), adipose tissue
(45), bone marrow (46), and the gastrointestinal tract (47).
The successful imaging of such tissues is a result of relatively
easy exposure, as well as ease of temperature regulation and
tissue stabilization. In contrast, whereas the cornea is easily
accessible, poor tissue stabilization as a result of nystagmus,
ocular pulsation, and breathing artifacts has made in-
travital imaging of the cornea more difficult. Further-
more, thermal regulation of the avascular cornea is
largely reliant on blinking reflex, as it rapidly cools
when exposed (48). Nevertheless, the optically clear,
avascular, and highly innervated cornea would allow
analysis of immune responses in different disease states
and would provide a great tissue model for the in-
vestigation of angiogenesis, lymph-angiogenesis, and in-
nervation, as well as allowing for dissection of mechanisms
of immune privilege.

MPM on explanted corneas has recently been used to
elucidate architectural information on epithelial cells,
keratocytes, and collagen fibers (33, 39, 41, 49-52), as well
as to assess surveillance extension and retraction habitude
of DCs (53). The only published article to date that used
IV-MPM in investigating leukocyte kinetics in the anterior
segment of the eye revealed interactions between lym-
phatic vessels and adjacent autofluorescent leukocytes,
15 min following intrastromal injection of the fluorescently
conjugated anti-lymphatic vessel endothelial hyaluronic
acid receptor 1 antibody in the stroma (54). The paucity
of detailed CL kinetics analysis led us to develop a novel
IV-MPM model for fluorescent transgenic mice, allowing
for leukocyte visualization and analysis throughout
the entire cornea, while maintaining long-term, tight
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temperature regulation and tissue stability. With the use of
this model, we performed novel, 3-dimensional (3D),
morphologic, and kinetic analyses of the CL during ho-
meostasis and following acute inflammation.

Herein, we provide the necessary conditions required
for long-term, noninvasive corneal IV-MPM and detail 3D
morphologic analyses of CD11c” DC and MHC-II" mature
antigen-presenting cells (APCs), including volume and
sphericity during steady state and following acute inflam-
mation, which to our knowledge, has not been previously
reported in the literature. Furthermore, we highlight CLs to
be sessile under steady-state conditions, with acute inflam-
mation resulting in an increase in their displacement and
kinetics.

MATERIALS AND METHODS

Animals

CD11c-enhanced yellow fluorescent protein (€YFP, kindly provided
by Dr. Michel C. Nussenzweig, The Rockefeller University, New
York, NY, USA) (55), CD11lc-enhanced green fluorescent protein
(eGFP) (56), MHC class II-.eGFP (57), and CXzCR1-eGFP (58)
transgenic mice (all C57BL/6 background), aged 6-12 wk, carrying
a fluorescent transgene under the control of the murine CD11c or
MHCHI promoter or with GFP replacing the CX;CR1 gene, were
bred in house to homozygotes to better visualize CL populations in
the present study. Wild-type C57BL/6 mice, purchased from The
Jackson Laboratory (Bar Harbor, ME, USA), were also used for
corneal flat-mount staining. Mice were housed at Harvard Medical
School, Schepens Eye Research Institute, and Tufts Medical Center
animal vivariums, and all animals were treated in compliance with
the guidelines set forth by the Association for Research in Vision and
Ophthalmology and Ophthalmology Statement for the Use of An-
imals in Ophthalmic and Vision Research. All animal experiments
were reviewed and approved by the Institutional Animal Care and
Use Committee at each center.

Murine model of acute inflammation with thermal
cautery burn

Mice were initially anesthetized with an intraperitoneal in-
jections of ketamine hydrochloride (100 mg/kg) and xylazine
(20mg/kg). Under a dissecting microscope, topical anesthetic
drops (0.5% Proparacaine hydrochloride ophthalmic solution;
Akorn, Lake Forest, IL, USA) were applied to the ocular surface,
and 5 light burns were induced to the central 50% of the cornea
using the tip of a hand-held thermal cautery (Aaron Medical In-
dustries, St. Petersburg, FL, USA), as previously described (20).
Antibiotic ointment (Vetropolycin bacitracin-neomycin-polymyxin
ophthalmic ointment; Dechra, Overland Park, KS, USA) was
applied to the cornea and subcutaneous injection of bupre-
norphine (0.05-0.1 mg/kg) administered immediately fol-
lowing cautery and repeated every 12 h for the next 72 h.
Leukocyte distribution and kinetics were captured at 2, 5, and
7 d after corneal thermal burns with IV-MPM, as described
below.

Corneal IV-MPM

Anesthesia and body temperature regulation
Animals were anesthetized with an intraperitoneal injection
of ketamine (100 mg/kg)/xylazine (20 mg/kg)/acepromazine

(3 mg/kg) mixture, resulting in up to 70 min of deep anesthesia.
Vital signs, including pulse, respiration, and oxygen saturation,
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were monitored with the MouseOx system (Starr Life Sciences,
Oakmont, PA, USA) throughout all procedures. Mice were
placed on a custom and tiltable stereotactic stage (Harvard’s
National Eye Institute (NEI) Vision Core, Machine Shop Module;
Fig. 1A). To prevent mouse hypothermia, the body temperature
was maintained at 35-37°C using disposable hand warmers
(HotHands; HeatMax/Kobayashi, Dalton, GA, USA) and foil
cover (Fig. 1B) or a heating blanket (Harvard Instruments, Hol-
liston, MA, USA). The proper depth of anesthesia was assessed
every 30-60 min and supplemented as required, with alternating
doses of ketamine alone (100 mg/kg) or ketamine/xylazine/
acepromazine mixture at the previously mentioned doses.

Corneal preparation for intravital multiphoton microscopy

Following induction of deep anesthesia, topical Proparacaine
(0.5%) and Genteal ophthalmic lubricant gel (Alcon, Fort Worth,
TX, USA) were applied to each eye to prevent pain and corneal
desiccation during the IV-MPM preparation, respectively. To
reduce autofluorescent signals from the periorbital fur, the fur
was completely removed with an electric shaver and Nair hair-
removal cream (Church & Dwight, Princeton, NJ, USA) applied
for 2 min, applied under a dissection microscope to ensure no
contact with the eye to prevent irritation. Next, a 5-0 non-
absorbable silk suture (Surgical Specialties Corp., Reading, PA,
USA) was placed around the eye to prevent eye closure, blinking,
and nystagmus, while allowing the normal flow of blood to the
eye. To minimize or prevent breathing and motility artifacts, the
mouse head was secured by the nose and jawlines in our custom
stereotactic stage with a tiltable bed, allowing imaging of both
eyes of the animal accordingly (Fig. 1A, B). High vacuum grease
(Dow Corning, Midland, MI, USA) was applied onto the bare
skin surrounding the eye and a plastic ring, prepared from an
Eppendorf tube, was placed on the grease to form a sealed
chamber around the exposed portion of the eye (Fig. 1B, C). Once
Genteal gel was added to the well, a thin (0.18 mm) coverslip with
tubing, allowing for circulating heated water, was placed onto
the even surface of the plastic ring so that it maintained constant
contact with the cornea to allow for heat dissipation and to in-
crease the area of imaging given corneal asphericity (Fig. 1B, C).

Corneal temperature regulation

The ocular surface temperature was regulated with a step-down
system of tubing with a Diba polytetrafluoroethylene fittings

A B

O Plastic tubing
Genteal gel

4m Coverslip

§ Plastic ring

E Ev,:fé Vacuum grease
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union connector/reducer (Cole Palmer, Vernon Hills, IL,, USA) to
create pressure, ending with polyethylene tubing (PE #20; BD
Intramedic, Sparks, MD, USA), which was formed into a ring
placed on the glass coverslip (Fig. 1B, C). Hot water was circu-
lated using a Masterflex L/S peristaltic pump (Cole Parmer,
Vernon Hills, IL, USA) with a flow rate of 10 ml/min through the
tubing and coverglass assembly placed on top of the cornea with
additional Genteal gel added within the chamber. Corneal tem-
perature was monitored throughout imaging with a dual-input
digital thermometer (Omega Engineering, Stamford, CT, USA)
placed on the cornea away from the imaging area. The water
temperature and flow rate settings are based on the distance
between water bath and imaging setup and adjusted as required
to maintain a temperature range within 2°C of the physiologic
corneal temperature (34°C) (59, 60) inside the sealed chamber
throughout imaging (33-35°C; Fig. 1B-D). Outside of this range,
CL movement is not noted.

Intravital multiphoton imaging of corneal
leukocyte populations

IV-MPM was performed with an Ultima Multiphoton Micro-
scope System (Bruker, Fitchburg, WI, USA) equipped with 2
MaiTai Ti/Sapphire DeepSee lasers (Newport Spectra-Physics,
Irvine, CA, USA) for simultaneous coaxial illumination at 850-
and 900-nm wavelengths to achieve 2-photon excitation
and second harmonic generation. Photomultiplier tube gains for
fluorescence signal and second harmonic generation and laser
power were initially set to 787 and 135, respectively, with adjust-
ments made to these values as required. A X20 1.0 numerical
aperture (XLUMPLFLN; Olympus, Tokyo, Japan) water-
immersion objective was used to capture 512 X 512 resolu-
tion with 2-fold line averaging, with a total depth of 120 wm,
with 1- or 3-um optical section slices, to investigate cellular
details in high magnification and cellular kinetics, respectively.
Scans were taken every 30-60 s over a period ranging from
30 min to >1 h.

Flat-mount immunostaining and confocal imaging
of the cornea

The corneas of steady-state and cautery-inflamed wild-type
C57BL/6 mice were excised, washed in PBS, and fixed in chilled
acetone for 15 min before staining. Following 3 washes to re-
move residual acetone, the corneas were incubated with Fc block

Figure 1. IV-MPM setup. A) A custom-made
tiltable stereotactic stage was used to secure
the mouse and allow imaging of the eye. B)
Contact between the cornea and a coverslip
heated with circulating water allowed regula-
tion of ocular surface temperature by altering
the temperature of the chamber formed using
a plastic ring and sealed with vacuum grease.
C) Schematic highlighting a side view of all of
the components of the chamber. D) The
temperature and flow rate of the water were
altered as needed throughout imaging to
maintain an ocular surface temperature of
34°C (inset: step-down connector/reducer).
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(anti-mouse CD16/32, clone 2.4G2, dilution 1:100; BioXCell,
West Lebanon, NH, USA) in 3% bovine serum albumin at room
temperature for 30 min to limit nonspecific antibody binding. The
corneas were then stained with conjugated anti-mouse CD11c
(HL3; BD Biosciences, San Jose, CA, USA) and MHC-II (I-A /I-E,
clone M5/114.15.2; BioLegend, San Diego, CA, USA) overnight
at4°C. Following 3 washes with PBS, flat mounts were mounted
on a slide with Vectashield mounting medium (with DAPL;
Vector Laboratories, Burlingame, CA, USA) and imaged with an
SP8 confocal microscope (Leica Microsystems, Wetzlar, Germany),
equipped with a 20 times 0.9 numerical aperture multi-immersion
objective. Z stacks were acquired with 2-um increments and
transferred to Imaris (Bitplane, Zurich, Switzerland) software for
further analysis.

Image analysis and processing
Cell morphologic analysis

Two- and 3-dimensional (2- and 3D, respectively) measurements
of cell morphology were calculated using Imaris (Bitplane). The
measurement of the farthest distance between opposing points of
a cell was taken as a 2D indication of cell size (Measurement
Points function, Imaris; Supplemental Fig. S14, B). Analy51s of
cell 3D parameters, including cell-surface area (um?), volume
(pm®), and sphericity (range 0-1, with a score of 1 indicative of a
sphere) was obtained after creating a surface object for each
stained or transgenic endogenous fluorescent leukocyte pop-
ulation (CD11¢, CX5CR1, and MHC-II positive) using the sur-
face tool within Imaris software (Supplemental Fig. S1C).
Finally, images were processed and collated using Adobe
Photoshop CC 2015 (Adobe Systems Europe, London, United
Kingdom).

Cell kinetics and motility analysis

Image stacks were imported and analyzed with Volocity (Per-
kinElmer, Waltham, MA, USA) or Imaris (Bitplane) imaging
softwares. Image stacks were converted into 4D movies, and
semiautomated tracking of cell motility was performed, as pre-
viously described (43, 61). In brief, the xyz positions of the cell
bodies were tracked, using the 3D rendering and cell-tracking
functions of these programs over time, manually confirmed at
each frame, and minor drift compensation was performed. Fur-
thermore, to optimize cell tracking, baseline subtraction thresh-
olding was performed on movies using a 139-um filter width to
reduce nonspecific background fluorescence signal. To quantify
leukocyte kinetics, the center point of each cell at each time point
was determined and tracked over time to determine the track
velocity (average velocity of a cell over length of imaging;
pm/min), 3D instantaneous velocity (velocity of a cell between
2 consecutive frames), total track length (total track distance of a
cell in micrometers), and displacement length (distance from the
first position of a cell in the track to the last as a straight line
in micrometers), and meandering index (total displacement
distance/total migration path length of a cell) was calculated for
each cell, as previously described (62). The meandering index
provides a measure of the deviation from a straight line of a
migratory cell (a value of 1 indicating the track is a straight line).
For kinetic analysis, each point represents an individual cell.
3D Instantaneous velocity provides a measure of altered velocity
of a cell from one frame to another within a time series. Static
cells with a displacement length <10 wm after acute thermal
burn induced inflammation were excluded from the analysis
of a meandering index. As CLs are sessile (exhibiting sam-
pling centroid movement without displacement) under steady-
state conditions, the steady-state data were also excluded from
meandering index analysis.
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Flow cytometry

Cautery-inflamed corneas of C57BL/6 wild-type and CD11c-
GFP mice were harvested, cut into pieces, and subjected to en-
zymatic digestion of 60 min at 37°C in 2 mg/ml collagenase D
(Roche, Indianapolis, IN, USA) and 2 mg/ml DNAse I (Milli-
poreSigma, Burlington, MA, USA) in DMEM. Following di-
gestion, the enzymatic digestion stopped with 10% fetal calf
serum in DMEM, and samples were strained using a 70-pm
nylon mesh to yield single-cell suspension and blocked with 1%
anti-CD16/CD32 FcR mAb (Bio X Cell, West Lebanon, NH,
USA) at room temperature for 20 min. Next, corneal single-cell
suspensions were labeled with fluorophore-conjugated an-
tibodies against CD45 (30-F11; BioLegend), CD11c (HL3; BD
Biosciences), 33D1 (DCIR2; BioLegend), CD19 (6D5; BioLegend),
B220 (RA3-6B2; BioLegend), PDCA-1 (927; BioLegend), CD11b
(M1/70; BioLegend), F4/80 (BMS; BioLegend), CX;CRl1
(SA011F11; BioLegend), and MHC-II (I-A/I-E, M5/114.15.2;
BioLegend) or appropriate conjugated isotype controls for 60
min at room temperature. Following a wash, samples un-
derwent flow cytometric analysis using a BD LSR II flow
cytometer (BD Biosciences) and acquired data analyzed by
FlowJo v.10 (Ashland, OR, USA). Debris, dead cells, and dou-
blets were excluded using forward and side scatters and corneal
DCs gated on CD45 and CD11c and further analyzed.

Statistical analysis

Results are presented as means * seM. Three or more time series
from different experiments were analyzed and statistical signif-
icance determined for each time series by either Student’s t test or
1-way ANOVA (Prism; GraphPad Software, La Jolla, CA, USA).
A Kolmogorov-Smirnov test was run to assess data distribution.
Differences between experimental and control groups were
considered significant when P < 0.05.

RESULTS
Intravital multiphoton microscopy

The requirements of careful monitoring of anesthesia,
precise temperature regulaﬁon as well as tissue and im-
age stablhty have resulted in minimal use of IV-MPM for
immunoimaging of CLs. Thus, to study the in vivo kinetics
and dynamics of cellular movement and interactions of
leukocytes in the murine cornea, we designed a custom
tiltable stereotactic stage (Fig. 1A, B) to analyze the distri-
bution and migratory kinetics of local steady-state and in-
filtrating CLs. To analyze CL kinetics, the ocular surface of
steady state and inflamed transgenic mice was imaged
over time. Our dual-laser system permitted simultaneous
imaging of the ocular surface of endogenously fluorescent
transgenic mice (green), dextran signal indicative of the tear
film layer (red), as well as second harmonic generation
revealing the corneal stroma (blue; Supplemental Videos
S1 and S2). In vivo analysis of CLs revealed APCs distrib-
uted within the epithelium in both en face transverse
(Supplemental Video S1) and oblique (Supplemental
Video S2) images of the cornea (the corneal epithelium is
the area between the dextran-stained tear film and corneal
stroma), as well as throughout the corneal stroma (Sup-
plemental Videos S1-3). The analysis of corneal flat mounts
revealed a similar distribution of APCs throughout the
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cornea (Supplemental Fig. S2A, B). Whereas 3 transgenic
mice strains were used in this study, we placed focus more
on CD11c and MHC-II transgenic mice to delineate better
morphologic and kinetic alterations within DC (CD11c")
and mature APC (MHC-II") CL populations in an acute
inflammation sethn% compared with steady state. The
phenotype of CD11c™" was confirmed to align with DCs
via flow cytometry (Supplemental Fig. 52).

Analysis of morphologic parameters

Corneal intravital multiphoton microscopy during
steady state

Analysis of steady-state CLs revealed a spread in cell size
among CD11c-, CX3CR1-, and MHC-II-positive cells. With
the second harmonic signal signifying the corneal stroma,
CLs distributed through the cornea ranged from cells re-
siding in the anterior stroma/corneal epithelium (Sup-
plemental Fig. S3A, B, D) presenting dendrites (arrows) to
cells deeper in the corneal stroma (Supplemental Fig. S34,
C) presenting minimal to no observable dendrites (ar-
rowheads). Furthermore, the high spatial resolution of the
MPM allowed the imaging of fine processes of DCs with
soma localized sub-basal of the corneal epithelium and
extending processes into the corneal epithelium (Supple-
mental Fig. S3D, inset: orthogonal view with corneal
stroma rendered for clarity). Analysis of CL density within
the steady-state corneas of CD11¢, CX3CR1, and MHC II
transgenic mice yielded values of 100.0 = 26.1 cells/mm? "
90.7 = 11.3 cells/mm? and 100.0 = 10.5 cells/mm?,
respectively.

To gain a better understanding of whether steady-state
CD11c¢" and MHC-II" APCs have morphologic differ-
ences, we analyzed and compared CLs from CDllc,
CX3CR1, and MHC-II*®*" transgenic mouse models. No
difference was noted among the groups (1-way ANOVA
with Tukey’s post hoc comparison, P = 0.33), with CD11c¢"
cells having a 2D size of 354 * 3.3 pm, CX3;CR1" cells
having a size 0of 31.2 + 1.3 um, and MHC-II" cells having a
size of 34.1 £ 1.2 pm (Supplemental Fig. S3E). After sep-
arate analysis of DCs and mature APCs, we found that no
significant difference in the cell-surface area was noted
among different endogenously fluorescent APCs (CD11C
cells: 3294.4 * 345.9 pm?, CX3CR1" cells: 2793 32225 um?,
and MHC-IT" cells: 3093.0 = 141.3 um?; P = 0.82; Sup-
plemental Fig. S3F). Interestingly, analysis of 3D volume
and 3D sphericity of CLs revealed differences under
steady state CD11c" cells had a volume of 4364.4 *
489.6 pm® cornpared with CX3CR1" cells with a volume
0f6801.3 + 648.2 pm? (P < 0. 05) and MHC-IT" cells witha
volume of 9040.12 =+ 489.1 pm® (Supplemental Fig. S3G;
P < 0.0001). Mean CD11c" cell sphericity was 0.43 * 0.02,
whereas CX3CR1" and MHC-II* cells were 0.61 = 0.02 and
0.69 £ 0.01, respectively (Supplemental Fig. S3H; P <
0.0001). Taken together, our results indicate that 2D cell
size and 3D surface area are not a good measure to discern
cell morphologic differences, whereas 3D cell morphologic
analyses of cell volume and sphericity are able to differ-
entiate between CLs and quantify the fact that steady-state
CD11c" DCs have a more dendritiform morphology

MULTIPHOTON MICROSCOPY OF CORNEAL LEUKOCYTES

(small soma and fine processes) compared with the more
spherical MHC-II'" APCs. The cell morphology of CX;CR1*
cells aligns them between DCs and mature APCs, as both
epithelial DCs and stromal APCs have been shown to
express CX;CR1 (23, 27).

Corneal intravital multiphoton microscopy
during inflammation

We next sought to analyze morphologic differences of CL
subpopulations following acute inflammation, in vivo. We
found a significant increase in CD11c" leukocyte density
(F1g 2A, D; 322.2 + 30.3 cells/mm? vs. 100.0 * 26.2 cells/
mm?; P < 0.001), CX3CR1+ leukocyte density (Fig. 2B, D;
817.8 + 168.2 cells/mm? vs. 90.8 = 11.3 cells/mm?; P =
0.001), and MHC-II* APC density (F1g 2C,D;6222+104.6
cells/mm? vs. 100.0 = 10.5 cells/mm?; P < 0. 001) into the
cornea, 2-5 d following acute inflammation, compared
with respective steady-state controls (Fig. 2A-D). Oblique
sections of the cornea with IV-MPM revealed this in-
creased cell density to be throughout the entire cornea (Fig.
2B, inset). As the majority of CLs exhibited a spherical
phenotype following inflammation (Fig. 24, C), typically
seen in migratory cells (63), we sought to quantify such a
morphologic shift from the typical morphology noted
during steady state (Fig. 2E). 2D Cell size analysis revealed
a significant change in all CL subsets, with the average cell
size decreasing for CD11c" DCs (21.8 * 0.7 pm compared
with steady state 354 * 3.3 pm; P < 0.001), CX3CR1"
(26.1 = 0.5 pm compared with steady state 31.2 * 1.3 pm;
P < 0.001), and MHC-II" APCs (20.1 * 0.5 wm compared
with steady state 34.1 = 1.2 wum; P < 0.001; Fig. 2F).

We next investigated 3D morphologic changes among
the different leukocyte subtypes during inflammation
compared with steady state. Analysis of cell-surface area
revealed CD11c" DCs to possess an almost 4-fold de-
creased surface area compared with steady state (845.0 =
38.4 vs. 3294.4 + 345.9 pm?; P < 0.001), MHC-II* APCs
show1ng a 2-fold decrease (1370.7 * 41.1 vs. 3093.0 =
141.3 pm?; P < 0.001), whereas CX5CR1* leukocyte cell-
surface area decrease the least (2098.2 = 77.9 vs. 2793.3 =
222.5 um?; P < 0.05; Fig. 2F). Analysis of 3D cell volume
revealed similar results between inflamed state and
steady state, with a 2.5-fold decrease in volume of CD11c"
DCs durlng inflammation (1787.6 * 111.0 vs. 4364.4 =
489.6 um>; P < 0.001), as well as MHC-II* mature APCs
having a 2 5-fold change (3626.6 = 145.1 vs. 9040.1 =
489.1 um?; P < 0.001), whereas CX;CR1* leukocytes had
a 1.5-fold decrease in their surface area (4055.6 + 197.4 vs.
6801.3 = 648.2 um?; Fig. 2G). Cell-sphericity analysis
revealed a significant increase in sphericity during in-
flammation for CD11c* DCs (0.82 = 0.01 vs. 0.42 = 0.02)
and MHC-II" mature APCs (0.79 + 0.00 vs. 0.69 = 0.01)
when compared with steady-state measurements (P <
0.001; Fig. 2H). The most pronounced change in sphe-
ricity in CD11c¢" DCs (2-fold) confirms the observation of
DCs adopting a more spherical shape (having a high
sphericity value) in inflammation compared with the
normal elongated dendritiform shape that they exhibit
under steady-state conditions (Supplemental Fig. 3A, D
compared with Fig. 24). CX3CR1" leukocyte sphericity
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Figure 2. Investigation of CL populations
following acute inflammation. A—C) Represen-
tative IV-MPM images of CD11c¢* (A), CX3CR1*
(B) (inset: transverse section image), and
MHC-II" CLs (C) (green) of transgenic mice
following thermal cautery injury. Original scale
bars, 100 pm. D) Cell density increased in all
leukocyte populations following inflammation.
E) The morphologic shift from the typical
morphology noted during steady state in
CD11c and MHCHI leukocytes. F) 2D Cell size
quantification of CD11c" (d 5), CX3CR1" (d 2),
and MHC-II" (d 5) leukocytes following ther-
mal cautery compared with steady state (SS).
G-I) 3D Morphologic analyses of leukocyte
populations following acute thermal burn injury
including cell-surface area (G), volume (H),
and sphericity (/) of CDIllc (first column),
CX3CR1 (second column), and MHCHI (third
column) transgenic corneas. NS, not significant.
Results are presented as means * sEM, Student’s
ttest. ¥P < 0.05, ¥#P < 0.01, ***P < 0.001.
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was not significantly changed following inflammation
(0.58 = 0.01 s. 0.61 = 0.02, P = 0.0532) when compared
with steady state (Fig. 2H). Taken together, our data
demonstrate that inflammation results in increased
CL density, as well as alters cell morphology, the most
pronounced change in morphology noted within the
CD11c¢" DCs following corneal inflammation.

Corneal ex-vivo confocal microscopy analysis

To confirm that CLs are morphologicically altered fol-
lowing inflammation, we performed immunofluorescence
staining of fixed corneas with antibodies against CD11c
and MHC-II and performed the same morphologic anal-
ysis on CD11c* and MHC-II" CLs (Supplemental Fig. S4).
2D Cell size of CD11c" and MHC-II" significantly de-
creases following inflammation (CD11c: 26.0 = 0.9 with
a median of 24.5-19.3 = 0.5 pum and a median of 17.4 pm,
P <0.001; MHC-II: 33.8 + 1.0 with a median of 30.8-20.5 +
0.4 pm and a median of 18.0 wm, P < 0.001; Supplemental
Fig. S4E). We next performed 3D analysis of cell-surface
area, volume, and sphericity. The cell-surface area of
CD11c" DCs and MHC-II" mature APCs significantly
decreasing following inflammation (CD11c: 987.6 =
46.5 pm? with a median of 923.9 t0 505.6 + 14.7 um? and
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a median of 412.2 pm?, P < 0.001; MHC-II: 1518.6 +
75.3 wm? with a median of 1341.5 to 745.7 + 21.1 pm?and
a median of 616.0 um?, P < 0.001). Cell-surface volume
also significantly decreased following inflammation
(CD11c: 1458.9 + 84.5 um® with a median of 1251.8 t0 691.5 +
27.7 pm® and a median of 470.6 um?>, P < 0.001; MHC-II:
2835.6 *+ 143.0 um® with a median of 2586.2 to 1348.5 +
51.8 wm? and a median of 948.1 um?>, P < 0.001). Further-
more, cell sphericity 3D analysis revealed a significant
increase in sphericity during inflammation in both sub-
populations (CD11c: 0.62 * 0.01 with a median of 0.61
to 0.72 = 0.00 and a median of 0.73, P < 0.001; MHC-II:
0.65 = 0.01 with a median of 0.66 to 0.75 = 0.00 and a
median of 0.76, P < 0.001; Supplemental Fig. S4F-H).

Analysis of cell kinetics and
motility parameters

Corneal intravital multiphoton microscopy during
steady state

We next sought to track and analyze CL kinetics in
transgenic mice during steady state via IV-MPM. Varia-
tions in temperature have previously been shown to affect
leukocyte function in other tissues (64-66). Likewise, when
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corneal temperature was not regulated, initial IV-MPM
imaging revealed no cell movement in the corneas of
MHC-TI*“** mice (Supplemental Video 4). The mainte-
nance of the correct physiologic surface temperature of
34°C throughout imaging proved paramount, enabling
the capture of cell movement of CLs during steady state
(Supplemental Video S5), akin to the constant sampling
behavior of resident DCs (63), as previously shown in the
epidermis (67). Local steady-state corneal CD11c" and
MHC-II" leukocytes exhibited no directionality and little
to no displacement in both lateral (x—y) and anterior-
posterior (z) axes during steady state (Fig. 3A, B). The
analysis of videos where the corneal temperature falls
outside of the physiologic temperature range (33-35°C)
revealed the importance of tight temperature regulation
on CL sampling movements during steady state. Analysis
of mean track velocity from CLs where the temperature of
the cornea was not within the physiologic range revealed
the inability to measure correctly cell motility (lack of
centroid movement) and kinetics (track speed mean:
0.05 = 0.02 vs. 1.64 = 0.07 pm/min, P < 0.001; and track
displacementlength: 8.67 = 0.47 vs. 4.20 = 0.33 pm/min,
not significant) in the steady-state cornea (Supplemental
Fig. S5A). Quantification of cell motility during steady
state revealed that although CD11c¢" DCs exhibit in-
creased track length compared with MHC-II" APCs
(CD11c": 64.4 * 8.7 pm; MHC-II": 28.1 + 2.8, P < 0.001; Fig.
3C), both CD11c¢" DCs and MHC-IT" APCs show minimal
displacement length (CD11c": 4.64 * 0.56 pm; MHC-1I":
4.09 = 0.39, P = 0.51; Fig. 3D), exhibiting low 3D in-
stantaneous velocity (CD11c™: 0.96 * 0.02 um/min;
MHC-II": 0.99 *+ 0.02, P = 0.26; Fig. 3E) and a low mean
velocity (CD11c™: 1.73 * 0.1302 pm/min; MHC-II":
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1.62 * 0.08, P = 0.53; Fig. 3F). Taken together, our data
demonstrate that CLs are sessile, exhibiting only sam-
pling movement, in the steady-state cornea.

Corneal intravital multiphoton microscopy during
inflammation

Directional migration, including recruitment and the tra-
jectory within sites of injury, is fundamental to leukocyte
function. Thus, we next sought to investigate kinetics of
the specific leukocyte population (CD11c¢" and MHC-IT")
after inflammation. In CD11c¢*“*f and MHC-IT*“* mice,
the range of motility captured includes large cells traveling
slowly in one direction/plane across the anterior stroma
(Fig.4A, B, open arrows; and Supplemental Videos S6 and
57) to smaller cells with higher velocity, exhibiting a more
random, less directional movement through the stroma
(Fig. 4, white arrowheads), and less motile cells that mostly
exhibit sampling of the microenvironment (Fig. 44, C,
dashed arrow). The analysis of videos, where the corneal
temperature falls outside of the physiologic temperature
range (33-35°C), further revealed the importance of tight
temperature regulation on CL kinetics during keratitis,
with evident differences in track speed mean (1.06 = 0.04
vs. 2.79 * 0.06 wm/min, P < 0.001) and displacement
length (5.69 * 0.40 vs. 10.96 * 0.47 pm/min, P < 0.01)
compared with the tightly regulated data (Supplemental
Fig. S5B). The increase in tactile cell movement of migra-
tory CD11c" DCs (Fig. 4A and Supplemental Video S6)
and MHC-II* APCs (Fig. 4B and Supplemental Video S7)
wasnoted inboth lateral (x—), as well as anterior-posterior
(z; Supplemental Video S8) planes within the corneal

Figure 3. Analysis of steady-state cell kinetics
and motility parameters. A, B) Displacement
tracks of steady-state corneal (A) CD11c" and (B)

e e = MHCI" leukocytes reveal minimal directional-
C Track Length D Displacement Length E 3D Inst. Velocity E Mean Velocity lt?’ under Steady state. G_ﬁ) Track length (C)’
150 1 8 displacement length (D); instantaneous velocity
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Figure 4. En face (A, B) and transverse (C) time-course images from CD1lc and MHC-II transgenic cornea postcautery burn
reveal varying degrees of kinetics among CLs. Cell motility ranged from largely static cells displaying sampling behavior:
morphologic change with no movement [dashed arrows (A, C)]; large, slow cells [open arrows (A, B) ]; to small, fast cells [white
arrowheads throughout total image time [49 min (A), 36 min (B), and 51 min (C)]. Original scale bars, 50 pm, time-stamp on

bottom-right of each image.

stroma. As such movement would be best highlighted in a
cross-sectional view, we captured xyzt stacks of a trans-
verse section of the cornea. This highlighted that the ma-
jority of GFP™ cells appearing to be either static or having
little movement when observed en face (Fig. 4A, B) may
indeed be actively migrating in the anterior-posterior
axis through the cornea in oblique cross-sectional views
(Fig. 4C and Supplemental Videos S6-8). Interestingly,
analysis of epithelial MHC-II" transgenic corneas
revealed APC kinetics to differ from APCs distributed in
the corneal stroma, where cells crawl at a slow pace,
extending and retracting processes along their path in the
epithelium (Supplemental Video S9). Analysis of inflamed
corneas in CX3CR1SF/CFP mice demonstrated minimal
lateral and anterior-posterior cell displacement (Supple-
mental Video S10) following inflammation.

A significant difference in cell directionality and
displacement was noted in corneas of CD11c*¥*" and
MHC-II®“** transgenic mice following acute inflamma-
tion (Fig. 54, B). The average track length of CD11c* DCs
was 60.5 = 3.1 pm (median: 49.7 pm; not significant when
compared with steady state); whereas, MHC-II" track
length mean was greater at74.3 = 2.0 pm (median: 72.9 pm;
P < 0.001 compared with steady state; Fig. 5C). Interest-
ingly, total displacement length showed CD11c" DCs had
greater displacement (16.6 = 1.4 pm, a median of 9.9 wm)
compared with MHC-II* leukocytes (9.0 + 0.4 pm, median
of 6.5 pm, P < 0.001) in inflamed corneas, as well as com-
pared with their respective steady-state values. This
variation between CD11c and MHC-II track length fol-
lowing inflammation was also significant (P < 0.01; Fig.
5D). Analysis of cellular velocity revealed significant
differences in instantaneous velocity for CD11c" (1.46 +
0.02 pm/min, median: 0.94 um/min) and MHC-II" cells
(1.76 = 0.01 pm/min, median: 1.34 wm/min) between
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groups and when compared with steady state (P < 0.001;
Fig. 5E). Alterations in mean velocity are similarly in-
creased following acute inflammation in CD11c" (1.91 *
0.07 pm/min, median: 1.62 pm/min) and MHC-II*
leukocytes (2.97 + 0.07 pm/min, median: 2.72 wm/min).
Furthermore, MHC-II" cell velocity correlated with dis-
placement (r = 0.2758, P < 0.001) and track length (r =
0.3307, P < 0.001). Mean velocity of CD11c" leukocytes
did not reach significance when compared with steady
state (1.64 = 0.07 wm/min, median: 1.53 pm/min; Fig. 5F).

Analysis of active, migratory leukocytes revealed a
statistically significant difference in the meandering index
between CD11c¢* (0.35 * 0.02, median: 0.31) and MHC-IT*
cells (0.23 £ 0.01, median: 0.17; P < 0.001) following acute
thermal injury (Fig. 5G). Taken together, our results also
highlight that whereas MHC-II" leukocytes have a greater
track length and mean velocity, CD11c" APCs are more
greatly affected in terms of displacement and direc-
tionality following corneal inflammation.

DISCUSSION

Herein, we detail the necessary conditions and method-
ology required for repetitive intravital immunoimaging of
the cornea and present detailed analyses of cellular leu-
kocyte kinetics during both steady state and inflammation.
Furthermore, we show detailed 3D alterations of CLs, in-
cluding cell volume, surface area, and sphericity during
steady state and inflammation.

Despite the increased spatial and temporal resolution
afforded by IV-MPM and the plethora of the transgenic
lines expressing endogenous fluorescence under pro-
moters for various leukocyte types, the study of single-
cell dynamics of leukocytes within an intact corneal
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Figure 5. Analysis of cell kinetics and motility parameters following acute inflammation. A, B) Displacement tracks of CD11c" (A)
and MHC-II" (B) CLs reveal multidirectional movement following thermal cautery burn. C-G) Track length (C), displacement
length (D), instantaneous velocity (E£), mean velocity (F), and meandering index (G) of CLs; means * seM, 1-way ANOVA. **P <

0.01, ***P < 0.001.

microenvironment has remained elusive. An open eye,
necessary for imaging purposes, decreases its tempera-
ture, leading to alterations in the kinetics of leukocytes
therein. Therefore, the specific regulation of the eye tem-
perature requires separate maintenance from body tem-
perature for correct analysis of CLs kinetics during steady
state and keratitis. Our model uses a stereotactic stage and
a sealed chamber around the eye, preventing dehydration
of the eye and thermal laser burns during this long-term
imaging procedure, to regulate corneal temperature while
compensating for blinking, major drift, nystagmus, and
ocular pulsations.

The current literature using IV-MPM to investigate the
cornea and limbus includes use of vital dyes (68), injection
of antibodies (54), or second harmonic generation to assess
keratocytes and the corneal proper ex vivo (49). The setup
of Steven et al. (54), investigating leukocyte transmigration
into lymphatic vessels in the peripheral cornea and limbus,
was not temperature controlled, which as we demon-
strate, is necessary to visualize central CL kinetics in a non-
invasive manner, and furthermore, did not use transgenic
mice. More recently, 2 studies have used MPM to inves-
tigate endogenously, fluorescently labeled neutrophil ki-
netics on the ocular surface of mice (69, 70). Whereas the
setup used by Ueta et al. (69) for analyzing the cornea likely
maintains the correct ocular surface temperature required
for analysis of CLs, it is highly invasive, as the entire eye is

MULTIPHOTON MICROSCOPY OF CORNEAL LEUKOCYTES

asebj.org by Univ of So Dakota Lommen HIth Sci Library (192.236.36.29) on September 22,

dislocated to immobilize the cornea and compensate/
correct for the various image stability issues (e.g., drift and
ocular pulsations) and positions the mouse on its back for
the entire length of imaging inside a dark, 37°C box. Fur-
thermore, the nature of vessels and corneal nerves in this
preparation is unknown. Other attempts of in vivo imaging
of CLs include a report by Lee et al. (71), who used epi-
fluorescent intravital microscopy to show increased cell
infiltration after inflammation but not cell motility as a
result of lack of temperature control, whereas another re-
port using intravital imaging of bone marrow chimeric
mice similarly described an influx of eGFP" leukocytes
into the murine cornea following induction of LPS-
induced keratitis by confocal microscopy (72). In light of
the need for a stable, feasible, and reproducible corneal
IV-MPM technique to investigate migratory leukocyte
kinetics in a physiologic corneal microenvironment, the
present study provides the necessary conditions required
for long-term, minimally invasive [IV-MPM imaging.
IV-MPM analysis of transgenic animals allowed us to
investigate CLs in their natural state and following in-
flammation. Previous ex vivo whole-mount corneal-staining
analyses of CLs revealed that DCs and macrophages are
distributed throughout the steady-state cornea (19, 22). Our
results, both ex vivo and in vivo, are in line with these reports.
We found both dendritiform—when localized mostly
within the epithelium and anterior stroma—and low
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sphericity amoeboid—spread out and flattened—when
localized within the densely packed stromal matrix (73)
CD11c" DCs and MHC-II" APCs throughout the imaged
cornea. Furthermore, morphologic analyses highlight dif-
ferences between CD11c" and MHC-II" CL in steady state.
As 2D morphologic analysis is inherently dependent on
placement of measurement points, which in the case of
DCs, will include the long processes, it is not a clear and
standardized method indicative of true cell morphology.
Accordingly, 3D morphologic analysis, including cell vol-
ume and sphericity, reveals differences among steady-state
CL populations, otherwise not seen with 2D analysis, under
steady-state conditions. Furthermore, analysis of leukocyte
populations expressing endogenous fluorescence in vivo,
naturally allows for better analysis of leukocyte morpho-
logic alterations that result from activation following in-
flammation with a more uniform signal compared with
postfixed and stained corneal flat mounts.

Acute inflammation significantly alters CL size and
morphology. Our analyses of cellular morphologic pa-
rameters reveal a significant decrease in both area and
volume of CD11c¢" and MHC-II* leukocytes. Following
inflammation, we note that CLs develop a spherical phe-
notype. This is in line with the amoeboid shapes that
migratory leukocytes appropriate during chemotaxis
through an extracellular space matrix, described to be via
formation of actin-rich protrusions and a leading edge
(63, 74). Interestingly, we found the greatest morpho-
logic change among CLs following inflammation to be in
CD11c" leukocytes compared with steady state. Whereas
CX3CR1" leukocyte size, surface area, and volume pa-
rameters were altered compared with steady state, more
time following inflammation is likely required to observe
alterations in cell sphericity across these cells.

Resident populations of DCs within the skin and gut
epithelium have been shown to be sessile (55, 75), whereas
dermal DCs actively crawl through the interstitial space
with a mean velocity of 3.7 £ 0.3 wm/min (76). We show
that CLs are sessile during steady-state conditions, exhib-
iting no displacement and directionality. The lack of mi-
gratory movement during steady state may be, in part, a
result of active mechanisms of corneal immune privilege,
the densely packed collagenous structure of the cornea,
resulting in limited extracellular space to allow migra-
tion and absence of chemotactic cytokines. In concor-
dance, studies have highlighted that chemokines in the
cornea are altered following local injury, herpes simplex
virus 1 infection, and transplantation (77, 78).

Analysis of CD11¢®™*™ and MHC-TI*“** CL kinetics
revealed a heterogeneous array of cells exhibiting various
degrees of motility, directionality, velocity, displacement
length, and meandering index. MHC-II" leukocytes were
more motile, exhibited greater velocity, but had a lower
displacement compared with CD11c" leukocytes, which
exhibited less motility, a greater range in displacement,
but a lower velocity. Further investigations into possible
kinetic differences between macrophage and DC pop-
ulations within the cornea are required to determine the
kinetics of each subpopulation. Our results highlight CL
populations to possess differing meandering indices but
also reveal subpopulations of cells expressing varying
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degrees of directionality. Low meandering index values
(<0.4) and lack of directionality observed in all CL pop-
ulations after thermal injury may be a result of the nature
of the injury itself. Induction of 5 light burns to the cornea
likely results in multiple sources of chemokine and cyto-
kine release and in turn, the multidirectional chemotactic
migration seen in our results. Another likely confounding
factor in the change in cell motility is the loss of corneal
nerve fibers in these locations, with close proximity be-
tween CLs and corneal nerves having been reported in the
steady-state cornea (27, 79). Other inflammatory states,
such as single epithelial injury or suture placement,
resulting in a single source of chemokine release, will likely
show directional chemotactic migration. Leukocyte sub-
populations within the CD11c¢" DCs (mature vs. imma-
ture) and MHC-II" mature APCs (macrophages vs. other
APCs) may explain the heterogeneous distribution of our
data. Circulating or local immature APCs that infiltrate
the damaged areas of the cornea may have increased di-
rectionality and a high meandering index, as opposed to
already activated mature APCs. The current method of CL
investigation is unable to discern steady-state CLs from
infiltrating myeloid-derived cells.

The current consensus on leukocyte populations dis-
tributed throughout the cornea includes the following:
epithelial and stromal conventional CD45"CD11c¢" DCs,
CD11b*F4/80" stromal macrophages, and B220*CD11c"
putative stromal pDCs during steady state, with in-
flammation resulting in influx of circulating leukocytes
(neutrophils, DCs, and macrophages), whereas CLs un-
dergo maturation and increase MHC-II, CD80, and CD86
expression. We refer to CD11c" leukocytes as DCs and
MHC-II" leukocytes as mature APCs throughout the
manuscript. Whereas our flow analyses of CD11c" leuko-
cytes phenotypically align these cells with DCs based on
cell-surface markers, the shared myeloid precursor origin
of DCs and macrophages (80), in addition to phenotypical
changes that leukocytes undergo during inflammation,
highlight the necessity for functional testing and/or cellu-
lar origin analysis for categorical classification of CD1