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West Nile virus (WNV) replicates in the skin; however, cell targets in the skin have not been identified. In
the current studies, WNV infected the epidermis and adnexal glands of mouse skin, and the epidermal cells
were identified as keratinocytes by double labeling for WNV antigen and keratin 10. Inoculation of mice with
WNV replicon particles resulted in high levels of replication in the skin, suggesting that keratinocytes are an
initial target of WNV. In addition, primary keratinocytes produced infectious virus ir vitro. In conclusion,
keratinocytes are cell targets of WNV in vivo and may play an important role in pathogenesis.

The flavivirus West Nile virus (WNV) is transmitted to ver-
tebrates by the bite of an infected mosquito, which deposits
high doses of virus extravascularly in the skin (19). The in vivo
cell targets of WNV in the skin are unknown; however, evi-
dence suggests that WNV infects Langerhan cells (LCs), the
resident dendritic cells (DCs) of the skin. LCs are in vivo cell
targets of dengue virus (22), another flavivirus, and DCs are
susceptible to infection by WNV in vitro (6, 10, 12, 18). Fol-
lowing WNV inoculation of mice, LCs migrate from the skin at
the inoculation site to the draining lymph nodes (DLN) (9). On
the other hand, initial WNYV replication after mosquito trans-
mission or subcutaneous (s.c.) inoculation occurs in both the
DLN and the skin (5, 20), suggesting that cells in the skin and
lymph node are productively infected. In addition, WNV RNA
persists in the skin for up to 4 months postinoculation (1).
These results led us to hypothesize that WNV infects nonmi-
grating cells in the skin.

We examined mice inoculated with WNV to identify cell
targets in the skin. Six-week-old female C3H/HeN (C3H) or
C57BL/6 (B6) mice (Taconic, Germantown, NY) were inocu-
lated s.c. in both rear footpads (5) with diluent (mock) or 10°
PFU of clone-derived WNV (17), with approval from the Wad-
sworth Center’s Institutional Animal Care and Use Commit-
tee, in accordance with the criteria established by the National
Institutes of Health. Mice were sacrificed at 4 or 5 days post-
inoculation (dpi), and feet were fixed with 10% buffered for-
malin for 1 day and 70% ethanol for 6 days. The plantar skin
was embedded in paraffin, and the entire block was serially
sectioned (approximately 80 sections, 6 wm each), with place-
ment of 2 to 4 sections per slide (ProbeOn Plus; Fisher Scien-
tific, Hanover Park, IL). For immunohistochemistry (IHC) and
immunofluorescence assays (IFA), tissues were deparaffinized
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in xylene, hydrated in graded alcohol, and microwaved in citric
acid-based antigen unmasking solution (Vector Laboratories,
Burlingame, CA) for 3 cycles of 5 min (800, 500, and 500 W).
An M.O.M. basic kit (Vector Laboratories) was used for stain-
ing, and tissues were incubated with primary antibodies at 4°C
overnight and secondary antibodies at 37°C for 1 h (detailed
information on the antibodies is available from the corre-
sponding author upon request). For IHC, tissues were also
treated with peroxidase suppressor (Thermo Scientific, Rock-
ford, IL), InmPACT NovaRED substrate (Vector Laborato-
ries), and hematoxylin QS (Vector Laboratories), dehydrated,
and mounted with VectaMount (Vector Laboratories).

We screened alternate slides of every foot sample by IHC
with mouse hyperimmune ascites fluid (MHIAF) against WNV
(Centers for Disease Control and Prevention, Atlanta, GA)
and detected WNV-positive cells in 17% (29/167) of the slides
with positive sections in 100% of C3H (n = 4) and 75% of B6
(n = 8) mice. WNV antigen was found in focal areas of the
epidermis (20/29 slides) (Fig. 1A) and in epithelial cells of
adnexal glands associated with hair follicles (9/29 slides) (Fig.
1B) of WNV-inoculated mice but not in those of mock-inoc-
ulated mice (Fig. 1C). No staining was observed in the epider-
mis or glands with an irrelevant control (MHIAF against west-
ern equine encephalitis [WEE]; Centers for Disease Control
and Prevention); however, nonspecific staining by WEE-
MHIAF and WNV-MHIAF was occasionally observed in the
dermis of mock- and WNV-inoculated mice (Fig. 1).

Based on the location of the WNV-positive cells in the
epidermis, we hypothesized that the WNV-positive cells were
keratinocytes. We performed IHC on adjacent sections of the
WNV-positive tissues using antibodies against keratin 10 (K10;
Covance, Emeryville, CA), a marker for keratinocytes, and
found K10-positive cells in the same area as the WNV-positive
cells (Fig. 1A). Double labeling by IFA, using WNV-MHIAF
and anti-K10, was performed to confirm that keratinocytes are
susceptible to WNV infection in vivo. WNV-positive cells were
again detected in the epidermis of WNV-inoculated mice, and
these cells were also positive for K10 (Fig. 2A and B). Weak,
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FIG. 1. WNV-positive cells are found in the epidermis and adnexal glands of mouse skin. Representative photomicrographs of skin sections
from WNV-inoculated (A and B) and mock-inoculated (C) mice are shown. Six-week-old female C3H mice were sacrificed at 5 days after s.c.
inoculation with diluent (mock) or 10° PFU of WNV in both rear footpads. Footpad skin was processed for IHC, and selected adjacent sections
were stained with WNV-MHIAF, WEE-MHIAF, or anti-K10. (A) WNV-positive cells were located in the epidermis (black arrows) in areas of
K10-positive cells. (B) WNV-positive cells were also found in ducts of glands (black arrow), which were not positive for K10 (white arrowhead);
however, hair follicles (white arrows) and epidermis were K10 positive. Nonspecific staining in the dermis (black arrowheads) was also observed

in some sections, as shown in panels B and C. Magnification, X150.

nonspecific reactivity was also observed with WNV-MHIAF in
the stratum corneum of mock-inoculated (Fig. 2C) and WNV-
inoculated (Fig. 2A and B) mice. In conclusion, results from
the IFA and IHC demonstrate that keratinocytes are in vivo
cell targets of WNV.

We were unable to detect WNV antigen in mice earlier than
4 dpi (data not shown); therefore, we used WNV replicon
particles (16), which infect a single round of cells and encode
a luciferase reporter, to examine whether skin cells are initial
targets of WNV. Mice were inoculated s.c. in the left rear
footpads (5) with diluent or 2 X 10> WNV replicon particles.
At various time points, skin and DLN were harvested and
assayed for luciferase activity, using the Renilla luciferase assay
system (Promega, Madison, WI), and for protein concentra-
tion, using the Compat-Able protein assay preparation and
Micro BCA protein assay kits (Thermo Scientific). Luciferase
activity was detected in the DLN at 24 h postinoculation (hpi)
(mean = 1,100 relative light units [RLU]/ng protein), which
decreased 100-fold at 48 hpi (mean = 10 RLU/pg protein)
(Fig. 3A). In the skin at the inoculation site, luciferase activity
increased 65-fold between 24 hpi (mean = 150 RLU/pg pro-
tein) and 72 hpi (mean = 9,900 RLU/ug protein) (Fig. 3B),
suggesting that WNV infects nonmigrating cells in the skin that
continue to support virus replication. Taken together, our data
strongly suggest that keratinocytes are one of the initial targets
of WNV.

In vitro studies with primary keratinocytes were performed
to confirm our in vivo results. We previously showed that WNV
productively infects primary skin cells (10); however, the cell
targets of WNV in these cultures were not identified. Thus,
primary skin cells were harvested from mice (9) and inoculated
with diluent or WNV at a multiplicity of infection (MOI) of 50.
Cells were processed for flow cytometry (10), using antibodies
against WNV envelope (WNV-E) (7H2; BioReliance, Rock-
ville, MD) and either K10 or the pan-leukocyte marker CD45
(eBioscience, San Diego, CA). At 48 hpi, 3.5% of the skin cells
expressed WNV-E, and 74% of these WNV-positive cells ex-
pressed K10. Thus, consistent with our IHC and IFA results
(Fig. 1 and 2), keratinocytes were the major cell population
susceptible to WNV infection in primary skin cells (Fig. 4A).
We did not detect CD45" WNV-E™ cells; however, small
numbers of WNV-infected CD45™" cells would have been dif-
ficult to detect since only 2.7% of the skin cell population was
CD45* (Fig. 4B). WNV growth curves were performed on
primary human keratinocytes (PCS-200-011; ATCC). WNV
titers increased over time and plateaued at 32 and 56 hpi for
MOIs of 10 and 0.1, respectively (Fig. 4C). In conclusion,
WNYV productively infects human and mouse keratinocytes.

In summary, we are the first to demonstrate that WNV
infects keratinocytes in vivo. In addition, our current study
definitively demonstrates that cells of the skin and DLN are
primary targets of replication, and one of these first cell targets
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FIG. 2. WNV-positive cells in the epidermis are keratinocytes. Representative photomicrographs of skin sections from WNV-inoculated (A and
B) and mock-inoculated (C) mice are shown. Six-week-old female C3H mice (A and C) or B6 mice (B) were sacrificed at 4 or 5 days after s.c.
inoculation with diluent (mock) or 10° PFU of WNV in both rear footpads. Footpad skin was processed for IFA, and sections were stained with
WNV-MHIAF and anti-K10, followed by fluorescent conjugated secondary antibodies and Vectashield mounting medium with DAPI (4',6-
diamidino-2-phenylindole; Vector Laboratories). Tissues were observed and photographed using a fluorescence microscope (Nikon Instruments,
Inc.), and the images were merged using the public domain ImageJ program (developed at the U.S. National Institutes of Health and available

at http://rsb.info.nih.gov/ij/). Magnification, X300.

is most likely keratinocytes. Consistent with a previous report
on primary mouse keratinocytes (21), primary human kerati-
nocytes supported a productive WNV infection, yielding more
than 200 infectious virus particles per cell (data not shown).
Thus, WNV infection of keratinocytes in vivo is likely the
source of high levels of infectious virus detected in the skin of
mice for up to 7 dpi following s.c. inoculation with WNV (5).

We detected WNV-positive cells only in epithelial cells of
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the epidermis and adnexal glands associated with hair follicles
(i.e., sebaceous or apocrine glands). In other studies, epider-
mal cells were positive for WNV antigen in fatal cases in hawks
(23), and eccrine glands of the skin were positive for WNV
antigen in a fatal human case with West Nile encephalitis (2).
Keratinocyte labeling was not performed in these studies; how-
ever, these results still support our findings that the epidermis
and adnexal glands are targets of WNV. Furthermore, the lack
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FIG. 3. WNV replicon particles target the skin at the inoculation site and the draining lymph node. Six-week-old female B6 mice were inoculated s.c.
in the left rear footpads with diluent (mock, n = 2) or 2 X 10° of WNV replicon particles that express luciferase (n = 6). At various time points
postinoculation, mice were sacrificed, and popliteal lymph nodes (A) and footpad skin (B) were harvested, homogenized, and assayed for luciferase
activity and protein concentration. The results were calculated as follows: (number of RLU/ug protein for each WNV replicon-inoculated mouse) —
(average number of RLU/pg protein for mock-inoculated mice). Data points are from individual mice, and the horizontal lines represent the geometric

means.
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FIG. 4. Primary keratinocytes are susceptible to WNV infection and support productive WNV infection. (A and B) Primary skin cells were
isolated from ears of mice and inoculated with diluent (mock) or WNV at an MOI of 50. At 48 hpi, cells were harvested, fixed, permeabilized, and
incubated with antibodies against WNV-E and keratin 10 (A) or CD45 (B). Samples were analyzed on a FACScan flow cytometer (BD Biosciences,
San Jose, CA) using FlowJo software (Tree Star, Inc., Ashland, OR), and results from representative dot plot analyses from two independent
experiments performed in triplicate are shown. (C) Primary human keratinocytes were inoculated with WNV at an MOI of 0.1 or 10. At various
time points postinoculation, medium was harvested, and viral titers were determined by a plaque assay with Vero cells. The geometric means and
standard deviations for triplicate samples are shown, and data are representative of two independent experiments.

of WNV-positive epidermal cells in the human cases may be clearance of WNV in the skin. Alternatively, WNV could
due to limited sampling and/or sectioning. It is possible that persist within skin glands or other cells not identified in the

infected epithelial cells in human skin are the cause of rash, current study. Further studies are warranted to understand
which is observed in 25 to 40% of patients with West Nile the role of keratinocytes during WNV infection and persis-
encephalomyelitis (4). Other members of the Flaviviridae fam- tence.

ily, dengue (11) and bovine virus diarrhea (14) viruses, also

infect epidermal keratinocytes in vivo. In addition, bovine virus We thank Anju Subba and Gang Zou for technical assistance and
diarrhea virus infects sebaceous and apocrine glands (3, 14), the Wadsworth Center’s tissue culture core and histopathology core

. : : for cell preparation and preparation of tissue samples, respectively.
supporting our finding that adnexal glands are viral targets. This work was supported partly by NIH/NIAID contract NOI-

On the other hand, we cannot rule out that other types of  A125490. The BSL-3 vivarium at the Wadsworth Center was used,
skin cells may be infected at low numbers due to limitationsin ~ which is funded in part as a core facility by NIH/NIAID U54-AI057158
the sensitivity and specificity of our IHC assay. Paddock et al. (Northeast Biodefense Center).
observed WNYV antigens in perivascular mononuclear inflam-
matory cells and vessel lumens in the dermis from a hemor-
rhagic skin lesion of a fatal human case of WNV hemorrhagic
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