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Purprose. Ocular infection by human adenovirus species D type 37 (HAdV-D37) causes
epidemic keratoconjunctivitis, a severe, hyperacute condition. The corneal component of
epidemic keratoconjunctivitis begins upon infection of corneal epithelium, and the mech-
anism of viral entry dictates subsequent proinflammatory gene expression. Therefore, it
is important to understand the specific pathways of adenoviral entry in these cells.

Mernops. Transmission electron microscopy of primary and tert-immortalized human
corneal epithelial cells infected with HAdV-D37 was performed to identify the means
of viral entry. Confocal microscopy was used to determine intracellular trafficking. The
results of targeted small interfering RNA and specific chemical inhibitors were analyzed
by quantitative PCR, and Western blot.

Resurts. By transmission electron microscopy, HAdV-D37 was seen to enter by both
clathrin-coated pits and macropinocytosis; however, entry was both pH and dynamin
2 independent. Small interfering RNA against clathrin, AP2A1, and lysosome-associated
membrane protein 1, but not early endosome antigen 1, decreased early viral gene expres-
sion. Ethyl-isopropyl amiloride, which blocks micropinocytosis, did not affect HAdV-D37
entry, but IPA, an inhibitor of p21-activated kinase, and important to actin polymerization,
decreased viral entry in a dose-dependent manner.

Concrusions. HAAV-D37 enters human corneal epithelial cells by a noncanonical clathrin-
mediated pathway involving lysosome-associated membrane protein 1 and PAKI1,
independent of pH, dynamin, and early endosome antigen 1. We showed earlier
that HAdV-D37 enters human keratocytes through caveolae. Therefore, epidemic
keratoconjunctivitis—associated viruses enter different corneal cell types via disparate
pathways, which could account for a relative paucity of proinflammatory gene expres-
sion upon infection of corneal epithelial cells compared with keratocytes, as seen in prior
studies.

Keywords: adaptor protein, adenovirus, clathrin mediated endocytosis, dynamin,
epidemic keratoconjunctivitis, epithelial cells, macropinocytosis, trafficking, viral entry

uman adenoviruses (HAdV) are members of the family

Adenoviridae, genus Mastadenovirus, that cause infec-
tions of respiratory, gastrointestinal, genitourinary, and
ocular surface mucosa in both immunocompromised and
immunocompetent hosts.! To date, there are more than 100
distinct HAdV genotypes divided into seven species (A-G).2
Human adenovirus species D (HAdV-D) is the largest HAdV
species, and includes the types most commonly responsi-
ble for epidemic keratoconjunctivitis (EKC), the most severe
form of ocular surface infection. Studies from our laboratory
and others have identified new eye pathogens, including
types D53, D54, and D56, in addition to the more common
ones D8, D37, and D64, which cause EKC.>~> To date, no
specific treatment is available for adenoviral corneal infec-
tions. Therefore, a detailed understanding of viral entry
and trafficking are paramount to design new therapies.®
Although the means of viral entry for HAdV species C have
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been studied in detail,’ ! the biology of HAdV-D infection
of ocular surface epithelial cells remains relatively underex-
plored.

The primary interaction of adenovirus with its cellular
target occurs between the adenoviral fiber knob and a range
of host cell surface receptors, including CD46, Coxsack-
ievirus adenovirus receptor, and GD1a glycan.!'~13 Recent
data showing that HAdV-D associated with EKC bind to
GD1a glycan to infect human corneal epithelium have been
exploited with therapeutic potential.>'3-1¢ After fiber knob
binding, a secondary attachment between arginine-glycine—
aspartic acid motifs on the capsid penton base protein with
cell surface integrins leads to a cell signaling cascade that
initiates viral entry.!’-%

Viruses use several mechanisms to enter host cells,
including clathrin-mediated endocytosis, macropinocyto-
sis, and caveolin-mediated endocytosis. Clathrin-mediated
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endocytosis is the best characterized and the paradigm
viral entry pathway.?® Studies using biochemical inhibitors
and dominant-negative mutants demonstrated that entry of
HAdV-C2 and -C5 are clathrin dependent,?!:?* although other
reports using different cell types suggest macropinocyto-
sis as an alternate entry pathway.?? For other adenoviruses,
for example, HAdV-B3, macropinocytosis is the primary
entry pathway.?! In part because the protein machinery that
mediates endocytosis differs by endocytotic pathway, it
is postulated that the physical process of viral entry is
directly associated with subsequent intracellular traffick-
ing.?>~?” However, considerable plasticity exists such that
certain components, such as dynamin 2, Rho GTPases, and
actin, can participate in more than one endocytotic pathway.
We recently showed that the EKC pathogen HAdV species
D type 37 (HAdV-D37) enters human keratocytes through
caveolae, in a caveolin 1-dependent manner.?® It is becom-
ing more apparent that the entry pathway(s) used by the
virus may be cell and virus type specific.

In this study, we use biochemical and molecular
approaches to elucidate entry and trafficking of HAdV-D37
in both primary and immortalized human corneal epithe-
lial cells. Electron microscopy was applied to analyze viral
entry and visualize the intracellular positioning of HAdV-
D37 virions. We then systematically inhibited the function of
key cellular factors involved in the various endocytic path-
ways. Our findings indicate that HAdV-D37 cellular entry
occurs primarily by clathrin-mediated endocytosis, but in
a dynamin-independent manner. Further, we found HAdV-
D37 entry is dependent on modification of actin, but does
not require key components of canonical clathrin-mediated
endocytosis, such as epsin, endosomal acidification, or early
endosome antigen 1 (EEA1).

METHODS
Cells and Virus

Primary human corneal epithelial (PHCE) cells were isolated
from donor corneal tissue following a published protocol®®
and pooled. Briefly, the cornea was treated with dispase
solution containing 20 ng/mL gentamycin in Hanks balanced
salt solution and incubated for 24 hours at 4°C. The epithe-
lial layer was then gently scraped into the media, and treated
with 0.25% trypsin to prepare a single cell suspension.
The cells were plated and grown in Defined Keratinocyte-
SFM (1x) basal media with 0.2% growth supplement
(Thermo Fisher Scientific, Waltham, MA) and a 1% penicillin—
streptomycin solution (Thermo Fisher Scientific). Primary
cells were used at the second passage.

Tert-immortalized human corneal epithelial (THE) cells
were the kind gift of Jerry Shay (University of Texas
Southwestern Medical Center). THE cells were grown
in Defined Keratinocyte-SFM (1x) media as described
above. HAdV-D37, originally isolated from 62 eyes and
9 genitourinary sites,?” and later whole genome sequenced
(Gen Access no: DQ900900),>° was obtained from the Amer-
ican Type Culture Collection (Manassas, VA) and grown in
A549, human lung carcinoma cells (American Type Culture
Collection) in Dulbecco’s Modified Eagle Medium with 2%
fetal bovine serum (FBS), and 1% penicillin streptomycin
solution (all from Thermo Fisher Scientific). Virus was
purified from A549 cells after 7 days of infection using
CsCl gradient ultracentrifugation, and subsequently dialyzed
against a 10 mM Tris (pH 8.0) buffer containing 80 mM
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NaCl, 2 mM MgCl,, and 10% glycerol. Purified virus was
titered in triplicate, and stored at -80°C. Cy3 labeling of
HAdV-D37 was performed for select experiments as
described elsewhere.!

Antibodies and Reagents

Antibody against cytokeratin 3/12 was purchased
from Abcam (Cambridge, MA). Anti-acetylated tubulin
(0.05 pg/ml), and chemicals including cytochalasin D,
cytochalasin B, bafilomycin Al, 5-(N-ethyl-N-isopropyD-
Amiloride (EIPA), and IPA-3 were purchased from Sigma-
Aldrich. Antibodies to clathrin and dynamin 2 were
obtained from Abcam. Anti-adaptor protein 2 subunit
alpha 1 (AP2A1) antibody and Transferrin-Alexa Fluor 568
were obtained from Thermo Fisher Scientific. Antibodies
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
EEA1, and lysosome-associated membrane protein 1
(LAMP1) were obtained from Santa Cruz Biotechnology
(Dallas, TX). Cy3 dye was obtained from GE Healthcare
Life Sciences (Pittsburgh, PA). Lipofectamine RNAiMAX was
obtained from Thermo Fisher Scientific.

Transmission Electron Microscopy

PHCE and THE cells grown to 95% confluence in 12-well
plates were infected with HAdV-D37 virus at a multiplic-
ity of infection of 100, incubated for 30 minutes at 4°C,
and then 37°C for 30 minutes, 1 hour, or 2 hours, washed
with PBS, fixed in 2% paraformaldehyde containing 2.5%
glutaraldehyde, 0.1 M cacodylate and 2.5 mM CacCl, for
1 hour, and then harvested in 2% agarose. The washed cell
pellet was fixed in 2% aqueous OsOy, and dehydrated for
90 minutes. The cell pellet was subsequently embedded
in epon and sectioned at 70 to 90 nm. The sections were
stained with saturated aqueous uranyl acetate, and Sato’s
lead stain. Electron micrographs were captured on a Philips
CM-10 electron microscope (Koninklijke Philips Electronics
N.V.,, Amsterdam, the Netherlands) fitted with a CCD camera.

Real-Time PCR

To quantify viral entry, the HAdV-D37 E1A gene was ampli-
fied after selected time points of infection using primers
(Integrated DNA Technologies [IDT], Coralville, IA, Table)
designed based on the HAdV-D37 ElA nucleotide
sequence.?® Quantitative real-time PCR (RT-qPCR) was
performed using Fast SYBR Green master mix (Applied
Biosystems, Foster City, CA) with the following conditions:
40 cycles at 95°C (10 seconds), 60°C (1 minute), and 72°C
(30 seconds), then a final extension at 72°C for 10 minutes.
For chemical pretreatments, cells were exposed to specific
inhibitors for indicated time periods followed by viral
infection. E1A gene expression was then measured using
RT-qPCR. To determine mRNA expression for clathrin,
dynamin 2, AP2A1, epsin 1, EEA1l, and LAMP1, total RNA
was extracted from THE cells transfected with experimental
small interfering RNA (siRNA) or control scrambled RNA
(scRNA), at 2 hours post infection (hpi) using TRIzol Reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. Total RNA was then treated with DNase I (1
unit) (New England BioLabs, Ipswich, MA) at 37°C for 1 hour
followed by 20 minutes at 80°C to inactivate the DNase 1. To
obtain cDNA, 2 pg of the DNase-treated RNA was subjected
to reverse transcription with M-MLV reverse transcriptase
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TaBLe. RT-qPCR Primers and siRNA Sequences

Primers and

IOVS | August 2020 | Vol. 61 | No. 10 | Article 50 | 3

Reverse

ACC CAT GTC ATG TAA CAA GTC CTC
GAG CCT TCT TAC GGG CCA TCT GCA AG
CCA GGT TGC GAA TGG TCT CCA
TGG CCA GCT CCG AGT TCT CCC ATG AA
CTG CCC ACA GCC TCA GCC AGA GAT
AAA CTG TAT GGC CTG TGG GAA AGG CT
TGT TCT CGT CCA GCA GAC ACT CCT CC
GCC CAG ATG TGC AGG AAA GA
GTG GCA GTG ATG GCA TGG ACT GTG GT

Sequences Forward

RT-qPCR
E1A ATG AGT CAT CAC CCT CAG AAG AAA
Clathrin AAC GTT GCA ATG AAC CTG CGG TCT GG
DNM2 TGG ACA GCT GGA AGG CCT CGT TCC T
AP2A1 CTG CTT GGC ATT GCT CCG GTC ACA CA
Epsinl TCT GAC TTT GAC CGA CTC CGC ACG GC
EEA1 ACA TGC ATC ACA GAC ACG AAC AGG CT
LAMP1 GGC AAT TCC TAC AAG TGC AAC GCG GA
Cavl AGG CCA GCT TCA CCA CCT TC
GAPDH ATG CCT CCT GCA CCA CCA ACT GCT TA

siRNA Sense Sequences

Clathrin siRNA 1
rCrCA C
Clathrin siRNA 2
rArCT G
Clathrin siRNA 3
rArGT A
DNM2 siRNA-1
rCrCA T
DNM2 siRNA-2
rUrGC A
DNM2 siRNA-3

rGrCrA rArArU rUrArC rCrUrA rArCrA rUrArA rGrCrU

rGrCrC rUrUrU rArCrA rArGrG rArUrG rCrArA rUrGrC

rGrCrA rGrUrC rCrUrA rCrArU rCrArA rCrArC rGrArA

rArGrU rUrUrG rArCrC rArCrU rGrUrA rArGrU rGrCrC

rCrGrC rCrArC rArCrG rUrGrU rUrGrA rArCrU rUrGrA

Antisense Sequences
rGrUrG rGrArG rCrUrU rArUrG rUrUrA rGrGrU rArArU
rUrUrG rCrCrU

rGrGrC rUrUrC rUrArA rArUrA rUrCrA rUrGrA rArCrAxbrk rCrArG rUrUrG rUrUrC rArUrG rArUrA rUrUrU rArGrA

rArGrC rCrArC

rUrArC rUrGrC rArUrU rGrCrA rUrCrC rUrUrG rUrArA
rArGrG rCrUrG

rArUrG rGrUrU rCrGrU rGrUrU rGrArU rGrUrA rGrGrA
rCrUrG rCrUrC

rUrGrC rArGrG rCrArC rUrUrA rCrArG rUrGrG rUrCrA
rArArC rUrGrA

rArGrG rGrUrC rArArG rUrUrC rArArC rArCrG rUrGrU

rCrCC T rGrGrC rGrArG

AP2A1_SEQ1 rGrCrC rUrUrG rGrArU rGrGrC rUrArC rArGrU rArArG rUrUrU rUrCrU rUrArC rUrGrU rArGrC rCrArU rCrCrA
rArAA A rArGrG rCrUrU

AP2A1_SEQ?2 rGrGrU rGrCrA rUrUrC rCrArA rCrGrC rCrArA rGrAA C  rGrUrU rCrUrU rGrGrC rGrUrU rGrGrA rArUrG rCrUrG
rCrArC rCrUrU

AP2A1_SEQ3 rCrGrC rArGrA rArGrU rUrArC rUrArA rGrGrC rCrArA rArArG rCrUrU rGrGrC rCrUrU rArGrU rArArC rUrUrC
rGrCT T rUrGrC rGrUrC

LAMP1.

(Promega, Madison, WI) and anchored oligo(dT)15primers
(IDT). All primers were designed using Primer3 plus
software (http://www.bioinformatics.nl/cgi-bin/primer3plu
s/primer3plus.cgi), and synthesized by IDT (Table).
The resulting cDNAs were diluted 10 fold, and 1 pL of
diluted ¢cDNA was used for RT-qPCR using Fast SYBR
Green master mix under the following conditions:
40 cycles at 95°C (30 seconds), 60°C (1 minute), 72°C
(30 seconds), and a final extension at 72°C for 10 minutes.
A no template control and an endogenous control (GAPDH)
were measured, and the expression levels were calculated
by the 2724¢T method and compared with the scRNA and
mock-infected controls.

Confocal Microscopy

Cells grown on chamber slides (Thermo Fisher Scientific)
were treated with specific siRNA or scRNA controls for
48 hours, and then infected with Cy3-labeled HAdV-D37
for 2 hours. Cells were then partially fixed in 0.05%
paraformaldehyde for 10 minutes, washed in PBS contain-
ing 2% BSA, and permeabilized for 5 minutes in solution
containing 0.1% Triton X-100 for 5 minutes. After 30 minutes
blocking in 3% FBS-PBS, the cells were incubated in 5 pg/mL
of Alexa Fluor 488 phalloidin (Thermo Fisher Scientific) for
30 minutes at room temperature, and washed three times in
1x PBS containing 2% FBS. Antibodies to cytokeratin3/12
(1 p/mL), clathrin (1:1000, Abcam), and acetylated tubu-

lin (1:1000, Sigma-Aldrich) were incubated for 1 hour at
room temperature, followed by three washes in 1x PBS
containing 2% FBS. Cells were then incubated with Alexa
Fluor 488 conjugated secondary antibody (1:1000, Thermo
Fisher Scientific) for 45 minutes at room temperature. For
colocalization studies, cells were infected with Cy3-labelled
virus for 30 minutes on ice, further incubated for 1 hour
at 37°C, and then washed in PBS, followed by transferrin
(Alexa Fluor 568 or 488) treatment for 30 minutes. Cells
were washed and mounted using VECTASHIELD mount-
ing medium (Vector Laboratories, Burlingame, CA) contain-
ing DAPI. Images were captured with a Leica SP5 confo-
cal microscope using a 63x oil immersion objective. Images
were scanned at 0.5 pm intervals, to obtain 15 to 20 Z-stacks
each, then constructed by maximum projection.

siRNA Transfection

Transfections were carried out using Lipofectamine
RNAIMAX reagent (Thermo Fisher Scientific), following
the manufacturer’s protocol. A maximum of three target
siRNAs per gene were made to order by IDT. Pooled
scRNA was directly purchased from Ambion as indicated
(Table). We mixed 100 pmol of siRNA or scRNA in 500 pL
of Opti-MEM I Reduced Serum Medium (Thermo Fisher
Scientific), followed by the addition of 5 pL of Lipofec-
tamine RNAIMAX. After 20 minutes incubation at room
temperature, the transfection complex was added to cells
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at 60% to 80% confluence. After 48 hours transfection, THE
cells were infected with HAdV-D37 at an multiplicity of
infection of 10 for 30 minutes on ice. Cells were washed
to remove unbound viruses, and further incubated at 37°C
for 1 or 2 hours for virus internalization. The cells were
then processed for confocal microscopy, Western blot, or
RT-qPCR analysis.

Western blot

For Western blot, HAdV-D37 and mock-infected cells were
lysed with chilled cell lysis buffer (20 mM Tris, pH 7.4, 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5
mM sodium pyrophosphate, 1 mM g-glycerol phosphate, 1
mM NazVOy, 1 pg/mL leupeptin, and 1 mM PMSF) (Cell
Signaling Technology, Danvers, MA) and incubated at 4°C
for 5 minutes. The cell lysates were cleared by centrifuga-
tion at 14,000xg for 10 minutes. The protein concentration
of each supernatant was measured by BCA analysis (Pierce,
Rockford, IL) and equalized. Twenty micrograms of cell
lysate was subsequently separated by 10% SDS-PAGE and
transferred onto nitrocellulose membranes (Bio-Rad Labo-
ratories, Hercules, CA). The protein bands were visualized
with Super Signal West Dura Extended Duration Substrate
(Thermo Fisher Scientific).

Statistical Analysis

Each experiment was performed at least three times,
except for the transmission electron microscopy, which
was performed twice. Quantitative data was analyzed by
Student #-test or ANOVA with Tukey’s multiple compar-
isons test using GraphPad Prism (San Diego, CA). Statistical
significance was reported for a P value equal to or less than
0.05 (denoted by *).

RESsuULTS

Ultrastructure of Adenovirus Entry Into Human
Corneal Epithelial Cells

Viruses are known to use multiple and often redundant
pathways to enter cells that allow them to overcome cell
barriers to entry.*?3® To characterize the entry pathways
for HAAV-D37 in human corneal epithelial cells, we used
both PHCE and THE cells, the latter immortalized with a
retroviral vector encoding human telomerase reverse tran-
scriptase but retaining expression of the corneal epithelial
marker cytokeratin 3.3* We earlier showed that HAdV-D37
uses caveolae for entry into human keratocytes.?> By TEM
performed on HAdV-D37-infected PHCE and THE cells, at
15 minutes post incubation at 37°C, we found electron dense
virions within both clathrin-coated pits (Fig. 1B, 1H) and at
membrane ruffles (Fig. 1E, 1K), suggesting that both clathrin-
mediated endocytosis and macropinocytosis as active entry
pathways. By 30 minutes and 1 hpi (Figs. 1C, 1F, 11, 1L,
and Figs. 1D, 1G, 1], 1M), respectively, virions were
seen within endosomes and vesicles containing multivesic-
ular bodies. The latter serve as endosomal maturation
pathways, that can lead to either productive intracellular traf-
ficking or lysosomal degradation and autophagy. Multivesic-
ular bodies also serve as signalosomes (foci) of intracellular
signaling.3>%7
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Clathrin-Dependent Entry of Adenovirus

Adenovirus has previously been shown to use clathrin-
mediated entry across many cell types.>*~4° However, most
such studies used either HAdV-C2 or -C5, which are
not corneal pathogens. We earlier showed that HAdV-C2
does not enter corneal fibroblasts, indicating cell specific
tropism.?> Because the TEM results were suggestive of viral
entry by a clathrin mediated pathway in both PHCE and
THE cells, we used THE cells to further confirm the role
of clathrin. Confocal microscopy of THE cells at 2 hpi Cy3-
labeled HAdV-D37 showed intracellular Cy3 label (Fig. 2A),
indicating successful viral entry. As predicted based on the
TEM data, siRNA knockdown of clathrin, as confirmed by
Western blot and RT-qPCR (Fig. 2B), decreased the Cy3
signal. E1A gene expression, which was measured as a surro-
gate marker for viral entry, was also reduced significantly
(P < 0.05) in cells pretreated with siRNA against clathrin as
compared with scRNA treated cells (Fig. 2B). Co-localization
(yellow) of clathrin (green) and Cy3-labelled HAdV-D37
(red) was confirmed by confocal microscopy performed at
1 hpi (Fig. 2C, upper row). The internalization of transfer-
rin is often used to confirm a functional, clathrin-mediated
entry pathway in cells.'~#3 Co-localization between trans-
ferrin (green) and Cy3-labeled HAdV-D37 (red) was also
observed (Fig. 2C, middle row), as was co-localization
between clathrin (green) and transferrin (red) (Fig. 2C, lower
row). These results strongly indicate clathrin-mediated entry
for HAdV-D37 into THE cells.

Dynamin 2-Independent Entry of Adenovirus

Dynamin 2 is a large GTPase, originally identified as a micro-
tubule binding protein, and its mutations cause neurologic
disorders, such as Charcot-Marie-Tooth disease.* Some
viruses have been shown to enter in a dynamin 2-dependent
manner.*>-% In contrast, our recent study of HAdV-D37 entry
into human keratocytes demonstrated a negative role for
dynamin 2 in viral entry. Dynamin 2 knock down in kera-
tocytes increases acetylation of tubulin, and localizes micro-
tubule organizing centers closer to the nuclear membrane,
enabling increased nuclear entry of viral DNA.2° However,
in THE cells knocked down for dynamin 2 by siRNA, we
observed no change in acetylated tubulin or viral entry
as compared with scRNA-treated control cells (Fig. 3A).
Similarly, we found no change in HAdV-D37 E1lA gene
expression (Fig. 3B). Knock down of dynamin 2 is shown
by Western blot and RT-qPCR (Fig. 3B). These results
suggest that in THE cells, HAdV-D37 entry is dynamin
2 independent.

Role of Adapter Protein 2 in Entry of Adenovirus

Key molecules important to the canonical clathrin-mediated
endocytosis pathway include actin, epsin, epidermal growth
factor receptor pathway substrate clone 15, adaptor protein 2
(AP2), phospholipid phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P2], and PI(3,4,5)P3. AP2 is generally considered
to be critical to clathrin mediated endocytosis, although
AP2-independent endocytosis has been observed.*’-5° Upon
siRNA-mediated knock down of AP2A1, as shown by West-
ern blot and RT-qPCR (Fig. 4B) we observed abrogation
of HAdV-D37 entry by confocal microscopy (Fig. 4A), and
E1A gene expression (Fig. 4B) (P < 0.05). In contrast,
siRNA knockdown of epsin 1, a secondary adapter protein
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Merge

PHCE Cells

THE Cells

Ficure 1. Transmission electron microscopy of HAdV-D37-infected PHCE (A-G) and THE cells (H-M). (A) PHCE expression of cytokeratin
marker 3/12 was performed to confirm a corneal epithelial phenotype. DAPI staining was included to show cell nuclei. In representative
images from 15 minutes post infection, PHCE cells show a virion (arrow) (B and H) within a clathrin pit like structure, and viruses within
a membrane ruffle (E and K), suggesting uptake by macropinocytosis. By 30 minutes hpi (C, F, I, and L), virions can be seen in individual
intracellular endosomes in both PHCE and THE cells, and by 1 hpi (D, G, J, and M) within vesicles containing multivesicular bodies (MVB).

Scale bar = 200 microns.

previously shown to be important in maturation of clathrin
coated pits,’! and in the internalization of influenza virus,>?
had no apparent effect on E1A expression (Fig. 4C).

EEA1 Is Dispensable in Adenovirus Entry

EEA1 and LAMP1 are markers for early and late endo-
somes, respectively. EEA1 is a Rab5 effector and plays an
important role in endosome fusion by tethering clathrin-
coated vesicles to early endosomes.>®> However, one study
implied that depletion of cytosolic EEA1 only partially
inhibited endosome fusion, and that the residual EEA1
bound to endosome membranes might still aid in the
fusion process.>* In THE cells, knockdown of LAMP1 but
not EEA1 reduced E1A expression at 2 hpi (Figs. 5A, 5B)
(P < 0.05). These data suggest that EEA1 might be
dispensable for HAdV-D37 entry, although trafficking

through late endosomes is required for early adenovirus
gene expression.

Actin-Dependent, pH-Independent Adenovirus
Entry

Actin is consistently engaged upon a cell’s interaction
with external particles, including viruses,” and in turn
viruses have evolved to manipulate the actin cytoskele-
ton in all phases of infection.’® Actin polymerization is an
indispensable event in all endocytosis paradigms,” includ-
ing macropinocytosis, phagocytosis, and both clathrin-
dependent and -independent endocytotic pathways. During
endocytosis, actin mediates the crucial formation of filopo-
dia and/or microvilli. The chemical agents cytochalasin
D and B inhibit actin polymerization, and actin network
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Ficure 2. HAdV-D37 enters THE cells via a clathrin mediated pathway. (A) Confocal microscopy of THE cells pretreated with scRNA (top)
or siClathrin (bottom) show a reduction in Cy3 labelled HAdV-D37 (red) in siClathrin treated cells at 2 hpi. Phalloidin staining is shown
in green. (B) Clathrin knockdown, as shown by Western blotting and mRNA expression via RT-qPCR quantification. Reduced E1A gene
expression is evident by RT-qPCR in clathrin knock down cells CP < 0.05). (C) Confirmation of clathrin mediated adenoviral entry using
transferrin control, panels 1, 2, and 3; insets show co-localization in the merged image between clathrin (green) and Cy3-HAdV-D37 (red),
between transferrin (green) and Cy3-HAdV-D37 (red), and between clathrin (green) and transferrin (red) respectively, at 1 hpi.

formation, respectively.>® In THE cells, both cytochalasin D
and B reduced E1A mRNA expression at 2 hpi in a dose-
dependent manner (Fig. 6A) (P < 0.05 for both interven-
tions). It is generally believed that viruses using clathrin-
mediated endocytosis enter early endosomes,’*> which
then transition to mature endosomes and ultimately fuse into
late endosomes/lysosomes.”’ For adenoviruses, the low pH
in late endosomes enables disassembly of the virus protein
coat, and facilitates the delivery of genetic material into the
nucleus.®® Bafilomycin A inhibits vacuolar ATPase,’! prevent-
ing acidification in these endosomes. Pretreatment of THE
cells with bafilomycin A did not alter HAdV-D37 E1A mRNA

expression (Fig. 6B), indicating that infection is pH indepen-
dent.

Macropinocytosis of Adenovirus

Because our TEM data also showed typical macropinosome-
like structures in THE cells (Fig. 1E), we investigated
macropinocytosis as another possible entry pathway for
HAdV-D37.3? Intriguingly, 5-(N-ethyl-N-isopropyl) amiloride,
an inhibitor of macropinosome formation®? that was previ-
ously shown to block uptake of HAdV-B35,%® did not block
HAdV-D37 E1A mRNA expression (Fig. 6C). These data
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E1A gene expression.

may indicate that the macropinosome-like structures seen
by TEM may represent membrane ruffling and are not
evidence of macropinocytosis. However, macropinocytosis
is also regulated downstream by the serine/threonine kinase
of p21-activated kinase (Pak).°* In THE cells pretreated with
the Pak inhibitor IPA-3, E1IA mRNA expression was reduced
in a dose-dependent manner (Fig. 6D) (P < 0.05).

Clathrin-Mediated Entry in PHCE Cells

Our biochemical data strongly suggested that HAdV-
D37 enters THE cells via a clathrin-mediated pathway.
Therefore, we sought to confirm these results in PHCE
cells by analysis of the critical components of the
clathrin-mediated pathway, including clathrin, AP2A1, and
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dynamin 2. Clathrin knock down by siRNA in PHCE cells,
as shown by RT-qPCR (Fig. 7A) and Western blot (Fig. 7B),
appeared to decrease subsequent HAdV-D37 E1A gene
expression (Fig. 7A), although the result was not statisti-
cally significant. AP2A1 is a critical component of the clathrin
mediated entry pathway. Knock down of AP2A1 by siRNA
treatment, which was shown to reduce both AP2A1 mRNA
(Fig. 7C) and protein (Fig. 7D), significantly reduced E1A
gene expression in PHCE cells (P = 0.01; Fig. 7C). As was
observed in THE cells, dynamin 2 siRNA knock down in
PHCE cells (Figs. 7E, 7F) did not affect E1A gene expres-
sion (Fig. 7E). These results are consistent with entry of
HAdV-D37 into human corneal epithelial cells via a clathrin-
mediated, dynamin 2-independent pathway.

Caveolin Plays No Role in Adenovirus Entry Into
Human Corneal Epithelial Cells

Finally, given our prior work showing that HAdV-D37 enters
human keratocytes via a caveolin dependent pathway,?
we wanted investigate if the caveolin pathway is used by
human corneal epithelial cells as well. As shown by confo-
cal microscopy with Cy3-labeled HAdV-D37 infection of THE
cells, we could not identify colocalization of Cy3 (red) with
caveolin 1 (green) (Fig. 8A). In addition, siRNA knock down

of caveolin 1 had no apparent effect on E1A mRNA expres-
sion (Fig. 8B).

DiscussION

The earliest innate immune responses to viral infection are
influenced in large part by the specific route of viral entry
and trafficking within infected cells.®> Our study of HAdV-
D37 entry in keratocytes revealed that viruses trafficking
through the cytosol produced less cytokines than viruses
that traffic within endosomes.?® We have earlier shown
HAdV-D37 enters keratocytes via a caveolin 1 pathway,®
and further showed that dynamin 2 negatively regulates viral
entry in these cells.? Dynamin-dependent and -independent
pathways have been demonstrated in entry mechanisms
of other viruses.®-7° In the current study, because epithe-
lial cells are the first corneal cells to be infected in any
ocular surface infection, we investigated viral entry into
human corneal epithelial cells. Herein, we show that the
EKC agent HAdV-D37 enters human corneal epithelial cells
via clathrin coated pits, but with some unique differences
from the canonical clathrin-mediated pathway (Fig. 9), and
in a dynamin 2-independent manner. We have been unable
to detect biologically significant elevations in cytokine
expression upon infection of human corneal epithelial cells
(manuscript in preparation). However, the potential remains
for a feedback relationship between infected epithelial cells
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Viral entry in human corneal epithelial cells and keratocytes during adenoviral infection and deserves
further study.

Dogma dictates that, after cell entry, viruses traffic into
early endosomes, then to late endosomes, the latter then
fuse into lysosomes before viral DNA is delivered into the
nucleus. The stepwise nature of this trafficking is understood
to be important for uncoating of the viral proteinaceous coat,
classically attributed to the low pH in these vesicles. Several
proteins are involved in this trafficking paradigm, including
EEA1, an effector protein for Rab5 that plays a role in teth-
ering clathrin coated vesicles to early endosomes.”® It was
previously shown that EEA1 knock down had no effect on
HAdV-C2 or -C5 infection,” similar to the data we present
herein, suggesting an EEA1 independent entry pathway
for adenoviruses. Other key proteins involved in clathrin-
mediated endocytosis include actin, epsin, epidermal growth
factor receptor pathway substrate clone 15, AP2, dynamin,
and the phospholipid phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P2], and PI(3,4,5)P3. Clathrin assembles into a poly-
hedral lattice on the inner side of the plasma membrane
to form the coated pit. Epidermal growth factor receptor
pathway substrate clone 15 acts as an adaptor between the
clathrin coats and AP2.”' AP2 in turn belongs to a family of
heterotetrameric complex proteins, which typically include
two large subunits (¢ and B), one medium size subunit (),
and a small subunit (o). These adaptor proteins assist in
Nucleus the assembly of clathrin coated vesicles by interacting with

lipids and/or proteins at the plasma membrane.”?> Although

Ficure 9. Schematic model of HAdV-D37 entry into human corneal these molecules are important for clathrin pit formation

epithelial cells. CCP, clathrin-coated pit; MVB, multivesicular body; and entry, some are dispensable during endocytosis. AP2A1
LE, late endosome; M, macropinosome; MTs, microtubules; MTOC, subunit knock down decreased entry of human enterovirus
microtubule organizing center. 71 by 60% in human rhabdomyosarcoma cells,’”> but a role

Membrane ruffles

Investigative Ophthalmology & Visual Science



Investigative Ophthalmology & Visual Science

Ad-37 Infection of Corneal Epithelium

for the adaptor protein complex in adenoviral entry has
never been studied. Here, we show that knock down of
AP2A1 completely abolished HAdV-D37 entry into human
corneal epithelial cells. Epsin 1, a critical secondary adaptor
molecule in clathrin-coated pits, was shown to be impor-
tant in the internalization of influenza virus.>> However,
AP2-dependent, epsin 1-independent endocytosis has been
previously reported.”® In corneal epithelial cells infected
with HAdV-D37, viral entry was similarly AP2 dependent and
epsin 1 independent.

Although these results confirmed a clathrin-mediated
entry pathway for adenoviruses in human corneal epithe-
lial cells, intriguingly, our results indicated that the entry
was not pH dependent. The vacuolar-H" ATPase is a
proton pump consisting of a multi-subunit membrane
protein. This proton pump controls the acidification of
endosomes, lysosomes, and other vesicles including Golgi-
derived secretory vesicles.”” Pretreatment with bafilomycin
A, known to inhibit the vacuolar-H" ATPase and prevent
acidification of these vacuoles, did not alter adenovi-
ral gene expression. These data indicate that an acidic
pH is unnecessary for successful HAdV-D37 trafficking to
the nucleus of human corneal epithelial cells. Enterovirus
B was also shown to traffic by multivesicular body-
containing endosomes with neutral pH.”® However, how
these viruses uncoat in the absence of low pH is still not
understood.

In human corneal epithelial cells infected with HAdV-
D37, transmission electron microscopy showed associa-
tion of adenovirions with both clathrin coated pits and
membrane ruffles, the latter suggestive of micropinocy-
tosis. Testing with the macropinocytosis inhibitor EIPA
did not show an effect on adenoviral gene expression.
However, it is possible, that upon inhibition of macropinocy-
tosis, a compensatory increase in clathrin-mediated entry
may have occurred, explaining the null effect of EIPA on
viral gene expression. Blocking the downstream signal-
ing of p2l-activated kinase 1 (Pakl) using IPA3 did
indeed reduce viral gene expression. Pakl has been shown
to play an important role in signaling pathways associ-
ated with cytoskeletal modifications and filopodia forma-
tion,””’’® and therefore cell motility.”” Hence, data show-
ing that both IPA3 and cytochalasins D and B inhib-
ited viral trafficking suggests that the actin cytoskeleton
plays a major role in HAdV-D37 entry, and may indicate a
secondary role for macropinocytosis in adenoviral entry in
corneal epithelial cells. Caveolin-mediated entry was shown
earlier to be the sole pathway for HAdV-D37 entry in
human keratocytes,?”® but we found no evidence of a role
for caveolin in entry of HAdV-D37 in corneal epithelial
cells.

Finally, although we saw similar results in both primary
and immortalized human corneal epithelial cells, one obser-
vation worth noting was that, in primary epithelial cells,
cell membrane ruffling upon virus infection appeared more
distinct. Also, for experiments in primary cells, we used
pooled cultures; this process was necessary to have suffi-
cient cells for each experiment. If sex of the donor has an
effect on viral entry pathway, the use of pooled cells might
have obscured any differences.

In summary, the data presented here strongly suggest that
HAdV-D37 enters corneal epithelial cells via a noncanonical,
clathrin-mediated pathway, not dependent on dynamin 2 or
early endosomes.
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