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Purrose. We determined the ultrastructure of mouse adenovirus Keratitis, a model for human
adenovirus keratitis.

MerHops. Adenovirus keratitis was induced in C57Bl/6j mice by intrastromal injection of
human adenovirus species D type 37 (HAdV-D37) with a heat-pulled, glass, micropipette
needle under compressed air. At select time points after infection, mice were euthanized and
their corneas removed, fixed, and sectioned at 70-nm thickness for electron microscopy.

Resurts. Injection of HAdV-D37 into the mouse corneal stroma placed virus predominantly in
the pericellular corneal stromal matrix. Virus was seen bound to and entering stromal cells at
1 and 2 hours after infection, respectively. Cell membrane transit by virus was seen to involve
two distinct structures resembling caveolae and macropinosomes. However, later during
infection intracellular virus was not seen within membrane-bound organelles. By 8 hours after
infection, intracellular virus had accumulated into densely packed, perinuclear arrays. Virus
disassembly was not obvious at any time point after infection. Infiltrating neutrophils seen by
one day after infection had engulfed degraded stromal cells by 4 days after infection.

CoNcLusioNs. By transmission electron microscopy, injected HAdV-D37 readily enters stromal cells
in the C57Bl/6j mouse cornea and induces stromal inflammation, as was shown previously by light
microscopy. However, electron microscopy also revealed dense, static arrays of intracytoplasmic
virus, suggesting a block in viral capsid disassembly and viral DNA nuclear entry. These findings
may explain why human adenoviruses do not replicate in the mouse corneal stroma.
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Human adenovirus (HAdV) infects all human mucosal
epithelia, including most notably those of the respiratory,
gastrointestinal, genitourinary, and ocular surfaces, and can be
associated with significant mortality and morbidity.! -3 Infection of
the cornea by HAAV species D types, 8, 37, 53, 54, 56, and 64
causes adenovirus keratitis,*® manifest as highly distinctive,
multifocal, leukocyte infiltrates of the subepithelial corneal
stroma, with onset 7 to 10 days after resolution of ocular surface
epithelial infection (epidemic keratoconjunctivitis). The HAdVs
do not cause productive infection in mice, nor are mouse
adenoviruses known to cause murine keratitis in the wild.
However, HAdV-C5 in high titer (10'° plaque-forming units) can
infect the mouse respiratory tract and cause pneumonitis,® and
similarly, high titer (>5 X1 0% infectious units) of virus injected into
the mouse corneal stroma induces keratitis.”-1°-1? In the keratitis
model, HAdV-D37 has been shown to infect mouse cells in the
corneal stroma, expresses early but not late viral genes and does
not replicate, and persists with very slow loss of titer over time.!?

To better understand the pathogenesis of keratitis in mouse
cornea in the absence of viral replication, we performed thin-

anesthesia.

(ATCC) before cesium chloride gradient purification and
titering. Cell cultures and viral preparations were tested and
found free of Mycoplasma and endotoxin contamination.
Adenovirus keratitis was induced in 8- to 12-week-old, female,
C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME, USA) as
described previously,'® with approval by the Animal Care
Committee of the Massachusetts Eye and Ear Infirmary, and as
per the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research. Briefly, 10% infectious units of purified
HAdV-D37 (or dialysis buffer as a control) in 1 pL volume were
injected into the right corneal stroma of anesthetized mice with
a heat-pulled, glass, micropipette needle using a compressed air
injection system and under direct visualization with an
operating microscope, and the mice allowed to recover from

Transmission Electron Microscopy

Mice were euthanized at select time points (0 minutes, 30

section transmission electron microscopy of the cornea at

specific times after infection.

METHODS

Mouse Adenovirus Keratitis Model

The HAdV-D37 was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and grown on A549 cells

minutes, 1 hour, 2 hours, 4 hours, 8 hours, 1 day, 2 days, and 4
days) after infection, and their corneas removed and fixed
overnight in 2.5% glutaraldehyde and 2% formaldehyde in 0.1 M
cacodylate buffer with 2.5 mM CaCl,. Corneas then were
postfixed for 1.5 hours in 2% aqueous osmium tetroxide
(0s0y), dehydrated in graded ethanols, transitioned in propyl-
ene oxide, infiltrated with propylene oxide and epon mixtures,
embedded in epon, and cured for 48 hours at 60°C. Sections (1
wm) were cut on a Leica Ultracut microtome (Buffalo Grove, IL,
USA), and stained with 1% toluidine blue in 1% borate buffer for
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Figure 1.
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Thin-section electron microscopy of C57Bl/6j mouse corneal stroma at early time points after intrastromal injection of HAdV-D37.

Micrographs show areas of corneal stroma (A) immediately, (B) 30 minutes, (C) 1 hour, and (D) 2 hours after injection. Intracellular structures of
corneal stromal cells are labeled as follows: Cy, cytoplasm; Nu, nucleus; M, pericellular matrix. Viruses are visible as electron dense black dots under
lower magnification in (A) and (B) (X3400), and as spherical structures with denser cores in insets (A, B) and ([D], X19,000), and in ([C], X34,000).
The arrowbead in (C), at 1 hour after infection, points to a caveolae-like structure; the arrow points to a membrane ruffle that contains multiple
viruses (incipient macropinosome). By 2 hours after infection (D), some viral entry has occurred, and virus can be seen in an endosome (single virus
particle, arrowbead) and macropinosome (multiple viruses, arrow). Scale bars: 2 pm for (A) and (B), and 0.5 um for insets (A) and (B), and (C) and

D).

light microscopic determination of the correct site for ultrathin
sectioning. Ultrathin sections were cut at 70 nm and stained
with saturated, aqueous uranyl acetate and Sato’s lead stain.
Photomicrographs were taken on a Philips CM-10 electron
microscope (FEI, Hillsboro, OR, USA) operating at 80 kv and
fitted to a CCD camera.

RESULTS

Keratocytes comprise the major cellular component in the
stroma, and are fully interconnected by gap junctions to form a
cellular web floating between dense rows of collagen fibrils
within a relatively looser extracellular matrix.!> In corneas
removed and processed for ultrastructural study immediately
after injection of HAdV-D37 into the corneal stroma, virus was
seen mostly in this less dense pericellular matrix (Fig. 1A),
suggesting a path of least resistance to pressurized injection
into the corneal stroma, with some viruses on cell membrane
surfaces. At 30 minutes after infection, virus had accumulated
closer to the cell membrane(s) (Fig. 1B). By 1 hour after
infection, cellular binding and entry was apparent (Fig. 1C)
with some viruses appearing to enter by macropinocytosis, 415
and other viruses within flask-shaped invaginations of the cell

membrane reminiscent of caveolae. By 2 hours after infection,
virus was apparent within cell cytoplasm in endosomes and
macropinosomes (Fig. 1D). At 4 hours after infection, more
virus is seen in the cells (Fig. 2A), while at 8 hours after
infection, cells showed prominent intracytoplasmic accumula-
tions of virus, often in regular packed arrays adjacent to the
nuclei and interpolated between cellular organelles (Figs. 2B-
D). Nuclear entry by viral DNA into corneal stromal cells of the
mouse was previously suggested by experiments showing early
viral gene expression (E1A and E1B 19k) in vivo within 4 hours
after infection.'® However, at the ultrastructural level, virus
disassembly with nuclear entry by viral DNA could not be
verified.

The onset of clinically evident stromal inflammation in the
mouse adenovirus keratitis model typically appears at 24 hours
after infection, and by flow cytometry, polymorphonuclear
neutrophils form the initial burst of infiltrating leukocytes.!%-12
By ultrastructural analysis performed 24 hours after infection,
polymorphonuclear neutrophils were seen infiltrating the
cornea (Fig. 3A), closely interacting with (Fig. 3B), and
engulfing (Fig. 3C) infected cells. Morphologically intact
viruses still could be observed within the cytosol of some
corneal stromal cells. At 48 hours after infection, most of the
stromal cells appeared to have lost their structural integrity
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Ficure 2. Thin-section electron microscopy of C57Bl/6j mouse corneal stroma at intermediate time points after intrastromal injection of HAdV-
D37. Micrographs show areas of corneal stroma (A) 4 hours, and (B-D) 8 hours after injection. Intracellular structures are labeled as follows: Cy,
cytoplasm; Nu, nucleus. The énset in (A) shows a higher magnification of intracellular virus 4 hours after injection. Viruses are visible as electron
dense black dots under lower magnification in (A) and ([B], X3400), and as spherical structures with denser cores in the inset (<19,000) in (A), and
in (C) and ([D], X19,000 and X34,000, respectively). All micrographs show densely packed intracellular viral arrays. Intracellular virus is seen
interspersed directly among and between intracellular organelles in (C), and adjacent to the nuclear membrane in (D). Scale bars: 2 pm for (A) and
(B), and 0.5 pm for (C) and (D), and the #nset in (A).

(Fig. 3D), suggestive of cell death, and intracellular viral arrays
were no longer evident. At 4 days after infection, residual
cellular debris was seen as electron-dense patches (Fig. 3E).

Di1scussION

Adenovirus keratitis in the mouse is induced by pressurized
injection of high titer HAAV-D into the corneal stroma, a
methodology designed to bypass the intrinsically nonpermis-
sive mouse corneal epithelium.'® We have previously shown
evidence for viral entry into mouse corneal stromal cells in this
model, based on the observation of fluorescently-labeled virus
capsid in the perinuclear region of cells, and by demonstrating
early viral gene expression in the infected corneas.'® The latter
can occur only if viral DNA is transported successfully into the
cell nucleus. Inflammation in the mouse cornea infected with
HAdV occurs due to innate immune responses to virus-
associated molecular patterns principally on the viral capsid,
less so the viral nucleic acid, and viral replication in the stroma
is not a prerequisite.!?

In the current study, thin-section transmission electron
microscopy of corneas harvested immediately after injection
show virus predominantly in the pericellular corneal stroma.
The pericellular matrix is the least densely packed and,

therefore, likely a path of least resistance to injection.
Biomechanical stress due to blinking and eye movements then
may be responsible for what appears to be “migration” of
intrinsically nonmotile virus toward cell membranes within the
first few hours after infection, combined with the “stickiness”
of the stromal cells for virus due to virus-receptor binding
(flypaper effect). The precise receptors for HAdV-D on corneal
stromal cells in the mouse remain unknown. In human cells,
the HAdV-D fiber knob (primary virus-host interaction) binds
to either CD46 or GD1a glycan,'”-!® and the five-sided penton
base protein’s arginine-glycine-aspartic acid motif binds to
oB1, B3, and o,Ps (secondary virus-host interaction) to
induce intracellular signaling and viral internalization by
endocytosis. 19725

Once bound to corneal stromal cells, we observed two
morphologically distinct mechanisms of possible viral entry by
HAdV-D37. One means of entry was through cylindrical
invaginations into the cell membrane suggestive of macro-
pinocytosis. Macropinosomes form upon actin polymerization,
membrane ruffling, and eventually, closure of lamellipodia to
capture a sample of the extracellular compartment. Macro-
pinocytosis is receptor independent and is triggered by various
signaling pathways, including some previously implicated in
HAdV-D entry, such as the PI3 and rho family kinases.?!-23:25-27
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Ficure 3. Thin-section electron microscopy of C57Bl/6j mouse cornea at late time points after intrastromal injection of HAdV-D37. Micrographs
show areas of corneal stroma (A-C) 1 day, (D) 2 days, and (E) 4 days after injection. Ep, epithelium; N, neutrophil; K, keratocyte. Neutrophils are
evident (A) infiltrating the cornea, (B) closely interacting with, and (C) engulfing resident stromal cells. Morphologically intact viruses still could be
observed within the cytosol of some resident corneal stromal cells (arrows in [D]). Cellular disintegration and debris (electron dense material) are
evident at 2 and 4 days after injection (D, E), respectively. All micrographs were taken at X3400. Scale bars: 2 um.

The HAdV-C2 was previously shown to trigger o, integrin,
protein kinase C, rho-GTPase, and F-actin-dependent macro-
pinocytosis in HeLa cells.?®

In addition to macropinocytosis, we also observed viral
entry into flask-shaped vesicles at the cell membranes
suggestive of caveolae. Lipid raft-mediated, caveolin-1-associ-
ated viral entry was demonstrated recently for HAdV-D37 in
cultured human keratocytes,?® in which the presence of
caveolin-1 was confirmed in virus-containing endosomes by
immuno-electron microscopy. However, caveolin-associated
HAdV entry remains controversial,?® and viral entry for HAdVs
appears to be cell and viral type specific. For example, HAdV-
C2, a nonocular-tropic virus, entered epithelial cells by
clathrin-coated pits.?? Confirmation of a role for caveolin in
HAdV-D37 in the mouse model of adenovirus keratitis would
require immunoelectron microscopy.

A second question addressed by these studies is how and
why HAdV-37 can persist in the mouse cornea but does not
replicate.'® At 1 week after infection, intact virus in the denser
portions of the corneal stroma was still evident (data not
shown), which could explain viral persistence with only
modest loss of titer previously observed in the mouse model.
As a nonenveloped virus without apparent intrinsic chemotac-
tic properties, the adenovirus is inherently stable under a wide
range of environmental conditions.?!"33 For example, fecal
adenoviruses can persist even in treated water under
conditions where Escherichia coli may not.>*

Early but not late viral gene expression has been shown
previously in the mouse keratitis model under identical
conditions to those in the current study,!® demonstrating
indirectly that some viral DNA enters the nuclei of corneal
stromal cells of the mouse, and is transcribed. By electron
microscopy, we observed densely packed arrays of virus in the
cytoplasm of resident stromal cells. Molecular interactions
between adenovirus hexon protein and nuclear pore compo-
nents are critical to final virus uncoating and delivery of DNA
into the nucleus,>>-37 and might be faulty in a mouse cell with
a human adenovirus. The packed symmetry of intracytoplas-
mic viral arrays suggests retention of an intact icosahedral
capsid structure, that is, that those viruses retained in the
cytoplasm have not uncoated, preventing the passage of their
DNA into the nucleus. Therefore, on the basis of these
ultrastructural observations and those previously pub-
lished,'®1¢ we now have evidence for at least two obstacles
to efficient HAdV replication in the mouse: impaired viral DNA
delivery to the nucleus and failure of transition from early to
late viral gene expression. The specific cellular receptors and
entry pathways used by different adenovirus types can lead to
differences in intracellular trafficking which in turn directly
impact downstream processes, including inflammatory and
immune responses to infection.?® The intracytoplasmic accu-
mulation of HAdV-D37 in mouse corneal cells could derive
from a cellular entry pathway that less efficiently delivers virus
to the perinuclear region for uncoating. Although virus was
observed early in infection at corneal stromal cell membranes
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in flask-shaped indentations resembling caveolae, at later time
points we did not observe virus within cellular endosomes or
bound by any intracellular membrane compartment. These
observations suggested that the means by which HAdV-D37
enters mouse cells leads to inefficient uncoating and delivery
of viral DNA to the nucleus.
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