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Iatrogenic cutaneous infection with vaccinia virus (VV) and naturally occurring systemic infection with
variola virus both lead to the characteristic skin “pox” lesions. Despite significant medical experience with both
viruses, surprisingly little is understood about the interactions between these poxviruses and healthy resident
skin cells. In recent years, it has become clear that skin plays an essential role in modulating both innate and
adaptive immune responses, in part by producing and responding to a variety of cytokines and chemokines
upon stimulation. Antagonists of many of these compounds are encoded in poxvirus genomes. Infection of skin
cells with poxvirus may lead to a unique pattern of cytokine and chemokine production that might alter the
cutaneous immune surveillance function. In this study, we infected primary cultures of human skin cells with
VV and monitored antigen expression, virus replication, and cytokine production from the infected cells. While
T cells, Langerhans cells, and dermal dendritic cells were infected abortively, keratinocytes, dermal fibroblasts,
and dermal microvascular endothelial cells (HMVEC-d) all supported the complete virus life cycle. In contrast
to the robust viral replication in fibroblasts and HMVEC-d, only limited viral replication was observed in
keratinocytes. Importantly, VV infection of keratinocytes led to up-regulation of immunoregulatory and Th2
cytokines, including transforming growth factor �, interleukin-10 (IL-10), and IL-13. We propose that the
rapid induction of keratinocyte Th2 and immunoregulatory cytokines represents a poxvirus strategy to evade
immune surveillance, and the limited viral multiplication in keratinocytes may be a protective mechanism to
help the immune system “win the race.”

In recent years, accumulating evidence has revealed that in
addition to providing the physical barrier between the body
and the environment, skin cells can actively modulate both
innate and adaptive immune responses, in part by producing
and responding to a variety of cytokines and chemokines upon
stimulation. While the cytokine and chemokine production in
skin, especially in keratinocytes, has been shown to be impor-
tant in contact hypersensitivity responses, chronic skin inflam-
matory diseases, and cutaneous malignancies, little has been
done to investigate the immunological response of resident
skin cells upon viral infections (23, 37, 41, 45). Of particular
interest to us is cutaneous infection by poxviruses. Poxviruses
have been shown to enter their hosts either by the respiratory
route or through the skin. Natural infection with many poxvi-
ruses leads to the characteristic skin “pox” lesions, and the
severity of infection varies dramatically from one species to
another, causing anywhere from a local, self-limiting infection
to a devastating systemic disease, such as smallpox (40). In
humans, inoculation of vaccinia virus (VV) through the epi-
dermis leads to successful immunization against smallpox in

the majority of the vaccinees (44). However, serious adverse
responses are not uncommon, especially in patients with pre-
existing immune abnormalities (25). One complication, ec-
zema vaccinatum, occurs primarily in patients with atopic der-
matitis, a chronic inflammatory skin condition affecting 5 to
15% of the pediatric population and somewhat fewer adults.
Atopic dermatitis is associated with a Th2-dominated dysregu-
lation of cytokine production (1, 15). These observations sug-
gest that the skin microenvironment is crucially involved in the
development of protective immune responses as well as patho-
logical reactions following poxvirus infection. Studying the in-
teraction between VV and skin cells is therefore critical for the
understanding of the immunogenicity as well as the pathogen-
esis of adverse responses following VV scarification. Knowl-
edge gained from these studies will be valuable for the devel-
opment of optimal poxvirus-based vaccines that are both safe
and effective, even for patients with defective immunity.

Like other poxviruses, VV has been shown to utilize multiple
immune evasion strategies to negatively modulate the host
immune response (40). Multiple early VV gene products are
directed at inhibiting the innate immune response (2–4). The
adaptive immune response is also targeted. Th1 cytokines such
as tumor necrosis factor alpha (TNF-�) and gamma interferon
(IFN-�) have been found to play an integral role in controlling
vaccinia virus infections, by enhancing CD8� T-cell-mediated
cytotoxic function and directly inhibiting viral replication. Sol-
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uble antagonistic receptor homologues for TNF-� and IFN-�
are produced by VV-infected cells (36). Conversely, the Th2
cytokines seem to be permissive for poxvirus replication, as
insertion of interleukin-4 (IL-4) in the mousepox genome ren-
dered a genetically resistant strain of mice susceptible to the
lethal viral challenge (19). It is unknown whether VV infection
of target cells could alter the Th2 cytokine production or func-
tion. We hypothesize that infection of skin cells by VV may
lead to a unique pattern of cytokine and chemokine production
that could inhibit the virus-controlling Th1 response and favor
the development of a Th2 response.

To explore these issues, we infected primary cultures of
isolated human skin cells with VV, including keratinocytes,
dermal fibroblasts, dermal microvascular endothelial cells
(HMVEC-d), Langerhans cells (LC), dermal dendritic cells
(DC), and skin-homing cutaneous leukocyte antigen (CLA)-
positive T cells (16). Viral antigen expression and replication,
as well as the cytokine production profile, were monitored in
the infected cells. We show that VV infects skin cells of both
hematopoietic origin and nonhematopoietic origin, but the
infection is abortive in the former cell types and productive in
the latter. To our surprise, VV replicates only at a low level in
keratinocytes, in contrast to the robust viral replication in
dermal fibroblasts and endothelial cells. Most importantly,
while vaccinia virus infection of HMVEC-d led to a general
“shutdown” of cytokine and chemokine expression, VV in-
duced multiple immunoregulatory cytokines in the infected
keratinocytes, including the negative immunoregulatory and
Th2 cytokines transforming growth factor � (TGF-�), IL-13,
and IL-10. These results suggest a novel immune evasion
mechanism employed by poxviruses to skew local cytokine
production against the generation of protective Th1 and cyto-
toxic T-lymphocyte (CTL) responses. In the case of VV infec-
tion, these strategies are insufficient to permit unrestrained
viral growth in most immunocompetent individuals. However,
in immunocompromised patients and those with a preexisting
predilection towards generating Th2 responses, they may en-
able this usually innocuous virus to overwhelm immune de-
fenses and cause serious diseases.

MATERIALS AND METHODS

Cells. Healthy human skin was obtained as discarded material from facelift
surgery or reduction mammoplasty in accordance with the policies of the human
research committee of Brigham and Women’s Hospital, Boston, MA. Primary
human keratinocyte cultures were generated as described previously, with slight
modification as noted (8). Briefly, small skin pieces were incubated at 37°C for
1 h with 1.2 U/ml grade II dispase (Roche, Indianapolis, IN) in complete RPMI
1640 medium. Epidermis was gently teased away from dermis and incubated in
0.25% trypsin–0.1% EDTA for 5 min at 37°C to dissociate cells. Following
centrifugation for 5 min at 300 � g, the cells were resuspended and plated in
Gibco keratinocyte-sfm culture medium (see below), and exponentially growing
cultures at approximately 30% confluency were used for serial passage. Kerati-
nocyte differentiation was induced by culturing the cells in the presence of 1.5
mM calcium. Dermal fibroblasts were isolated from dermis by collagenase (90
U/ml) digestion and cultured in DF12 medium (see below). HMVEC-d cells
(CC-2543; Cambrex BioScience, Walkersville, MD) were expanded from cryo-
preserved cells in EGM-2-MV medium (CC-3202; Cambrex BioScience) accord-
ing to the vendor’s instructions. All cultures were maintained at 5% CO2 and
37°C. The cells were plated in six-well culture plates 1 or 2 days prior to infection.

Immature LC were isolated from healthy skin by discontinuous density gradi-
ent as described elsewhere (35). Mature LC and dermal DC were obtained by
cell migration from epidermal and dermal sheets, respectively, as previously
described (34). The purity of the cell populations was generally �90%, as de-

termined by flow cytometry (data not shown). The immature LC were CD1ahi,
CD83�, and HLA-DRint, the mature LC were CD83� and HLA-DRhi, and the
dermal DC were CD1aint, CD83�, and HLA-DRhi (data not shown). The iso-
lated cells were kept in complete RPMI 1640 and used within 12 h. Total CD3�

T cells were purified from healthy human peripheral blood mononuclear cells by
using a pan T-cell isolation kit (Miltenyi Biotec, Auburn, CA) according to the
manufacturer’s instructions. Cell purity was typically �90% as determined by
flow cytometry (data not shown). CLA� T cells were purified by magnetic bead
separation from the above CD3� T cells using rat anti-human CLA monoclonal
antibody (MAb) HECA 452 (BD Pharmingen, San Diego, CA) followed by
mouse anti-rat kappa microbeads (Miltenyi Biotec). Antibodies not provided in
isolation kits were purchased from BD Pharmingen. The purity of CLA� T cells
was typically over 85% by flow cytometry analysis. The African green monkey
kidney fibroblast cell line, CV-1, was a kind gift from Judy Lieberman (Center for
Blood Research, Boston, MA) and was maintained in complete Dulbecco’s
modified Eagle’s medium (DMEM).

Cell culture medium. Complete RPMI 1640 medium is RPMI 1640 (Invitro-
gen, Grand Island, NY) supplemented with 10% fetal calf serum (FCS), 100
IU/ml penicillin, 2 mM L-glutamine, 100 �g/ml streptomycin, and 0.5 mg/ml
amphotericin. Gibco keratinocyte-sfm culture medium was supplemented with
25 �g/ml bovine pituitary extract and 0.2 ng/ml epidermal growth factor (EGF;
Invitrogen, Grand Island, NY) plus 0.3 mM CaCl2 and antibiotics (39). DF12
medium is a 1:1 mixture of DMEM and F-12 medium (Mediatech, Herndon,
VA) supplemented with 15% FCS, 10 ng/ml EGF, and antibiotics. Complete
DMEM is DMEM supplemented with 10% FCS, 2 mM L-glutamine, and anti-
biotics.

Virus stock and infection. Wild-type Western Reserve strain VV (WR-VV)
was a kind gift from N. Manjunath (Center for Blood Research, Boston, MA).
The viral stock was expanded and the titers were determined on CV-1 cells by
standard procedures (13). Cells were cultured in six-well plates to reach 	85 to
95% confluence and infected with WR-VV at the indicated multiplicity of in-
fection (MOI) in 0.5 ml/well of culture medium for 1 h. The cultures were then
brought to 2 ml of medium/well and incubated for additional time periods as
indicated before harvesting.

Intracellular staining for viral gene expression and flow cytometry. Mouse
MAb TW2.3 and rat MAb19C2, recognizing early viral antigen (Ag) E3L and
late viral Ag B5R, respectively (38, 47) (kind gifts from Bernard Moss, National
Institutes of Health), were used to detect vaccinia virus gene expression in the
infected cells. Cells were permeabilized and fixed with CytoPerm/CytoFix (BD
Pharmingen) and incubated with the above Abs for 30 min on ice, followed by
labeling with fluorescein isothiocyanate-conjugated goat-anti-mouse immuno-
globulin polyclonal Ab (BD Pharmingen) and phycoerythrin-conjugated goat
F(ab
)2 anti-rat immunoglobulin G (Southern Biotechnology Associates, Inc.,
Birmingham, AL). Samples were then processed using a FACSCalibur flow
cytometer (Becton Dickinson Labware), and the data were analyzed using
Flowjo software (Tree Star, Inc., Ashland, OR).

Plaque assay to determine viral replication. Cells were cultured in six-well
plates to reach 85 to 95% confluence. Two extra wells of each cell culture were
used to obtain cell number per well. The cultures were then infected with
WR-VV at an MOI of 0.1 or 10 for 60 h. Cells were harvested and suspended in
200 �l 10 mM Tris buffer (pH 8) before lysis by three freezing (dry ice-ethanol)
and thawing (37°C water bath) cycles. The titer of vaccinia PFU per sample was
determined by standard plaque assay on CV-1 monolayers (13). The PFU per
cell was calculated as PFU per sample per number of cells at the beginning of the
infection.

MicroSpot ELISA array to measure cytokine production from infected cell
cultures. Cells were infected with WR-VV at an MOI of 10 for 24 h, and
supernatant samples were collected and stored at �80°C until analysis. Unin-
fected culture supernatant samples were collected as controls. The concentra-
tions of 16 cytokines in the supernatant samples were measured simultaneously
with the MicroSpot enzyme-linked immunosorbent assay (ELISA) array tech-
nology at the Schleicher & Schuell Protein Array Facility (Schleicher & Schuell,
Keene, NH) (21, 42). All the samples were processed simultaneously in triplicate.
Briefly, capture MAbs for human IL-1�, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12
p40, IL-12 p70, IL-13, IFN-inducible protein 10 (IP10), soluble intercellular
adhesion molecule 1 (sICAM-1), TNF receptor II (TNFR II), TNF-�, IFN-�,
vascular endothelial growth factor (VEGF), and TGF-� were arrayed on the
three-dimensional nitrocellulose surface of the FAST slide. Supernatant samples
and serial dilutions of cytokine standard cocktail were added (70 �l/pad) onto
the slide, which was incubated for 3 h on an orbital shaker at room temperature
followed by three washes. The biotinylated detection antibody cocktail was then
added (70 �l/pad) onto the FAST slide. Following 1 h of incubation on the
orbital shaker and three washes, 0.125 �g/ml reporter molecule streptavidin-Cy5
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was added and the slide was incubated in the dark for 45 min. After three washes,
the slide was quickly rinsed, air dried, and scanned by GenePix scanners (Axon
Instrument, Inc., Union City, CA). Data were analyzed using ArrayVision FAST
software (Schleicher & Schuell, Keene, NH). The detection threshold for each
cytokine is determined by the sensitivity of each antibody pair and has been
assessed and provided by the manufacturer. The approximate sensitivity for
IL-1�, IL-2, IL-4, IL-5, IL-6, IL-8, IL-12 p70, IL-10, IL-13, TNFR II, TNF-�,
IFN-�, and TGF-� is 	3 to 15 pg/ml, 30 pg/ml for IP10, sICAM, and VEGF, and
100 pg/ml for IL-12 p40. Changes in cytokine concentrations of over 10-fold are
considered significant. As pipetting and repetitive washes during the ELISA
create recognizable errors between samples, we chose not to focus on any
differences of less than 10-fold.

ELISA. Keratinocytes were infected with WR-VV at an MOI of 10 or irradi-
ated with UVB at 100 �J/cm2 using a Stratalinker 2400 UV cross-linker with
bulbs of peak emission at 312 nm (Stratagene, La Jolla, CA). After culturing for
24 h, supernatant samples were collected and stored at �80°C until analysis.
Supernatants from untreated cells were collected as controls. The concentrations
of TNF-�, IFN-�, IL-12 p70, IL-13, IL-10, and TGF-� were measured using the
Quantikine ELISA kits (R&D System, Minneapolis, MN) following the manu-
facturer’s instructions. The approximate sensitivity for IL-13 is 32 pg/ml, and the
sensitivity for other cytokines is 	5 to 10 pg/ml.

RESULTS

VV infects skin cells of different lineages in distinct fash-
ions. To study VV infection of human skin cells, primary cul-
tures of various human skin components, including epidermal
keratinocytes (undifferentiated and differentiated), dermal fi-
broblasts, HMVEC-d, LC (immature and mature), dermal DC,

and CLA� skin-homing T cells, were generated and infected
with WR-VV in vitro at an MOI of 10. Infection was moni-
tored by the expression of the early and late viral gene products
E3L and B5R, respectively, using intracellular staining with
anti-E3L and anti-B5R Abs. Among the cell types tested, two
distinct patterns of VV infection were observed (Fig. 1A).
High levels of both early (E3L) and late (B5R) viral gene
expression were detected in keratinocytes, dermal fibroblasts,
and HMVEC-d, suggesting productive infection in these cell
cultures. The high percentages of viral Ag� cells in these cul-
tures indicate these cells are all highly susceptible to vaccinia
virus infection. In contrast, early but not late viral gene expres-
sion was detected in cells of hematopoietic lineage, including
LC, dermal DC, and CLA� T cells (Fig. 1B), indicating abor-
tive infection in these cell types. Except for immature LC, only
a small percentage of the hematopoietic cells expressed early
viral antigens despite the high infection dose used for this
study. This could be due to a low-level virus entry into the
cells or to intracellular mechanisms that suppress early viral
gene expression. The fluorescence intensities of E3L stain-
ing in the limited number of cells supporting early gene
expression did not differ significantly from those in the per-
missive cells (Fig. 1), suggesting that insufficient viral entry
into the professional antigen-presenting cells (APCs) and T
cells is a limiting factor.

FIG. 1. Vaccinia virus infects various human skin cellular components in two distinct fashions. Primary cultures of human skin components
were prepared and infected with WR-VV at an MOI of 10. Following 20 h of incubation, the expression of both early (E3L) and late (B5R) viral
Ags was assessed with flow cytometry (filled histograms) as described in Materials and Methods. Uninfected cells were included as controls
(unfilled histograms). The numbers are the percentages of viral Ag-positive cells in viable cell populations based on forward scatter and side scatter
parameters. This is a representative result of three independent experiments.
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Dermal fibroblasts and HMVEC-d but not keratinocytes
support high levels of vaccinia virus replication. Replication
of the VV genome occurs after the transcription and transla-
tion of early genes, but before that of the intermediate and late
genes (31). Thus, the expression of the late viral Ag B5R
indicates viral genome replication and potential viral propaga-
tion inside the infected cells. To quantitatively analyze viral
replication in permissive skin cell cultures, known numbers of
keratinocytes, dermal fibroblasts, and HMVEC-d were in-
fected with WR-VV at a low MOI of 0.1 (0.1 PFU per cell).
Sixty hours later, the total numbers of virus particles in the
cultures were measured by plaque assay and the PFU per input
cell was calculated as PFU per sample per number of cells at
the beginning of the infection. Cell proliferation during the
60 h was negligible, since the cultures were 85 to 95% conflu-
ent at the time of the infection. As shown in Fig. 2, infectious
virus particles were produced in all three types of skin cells, but
to a different degree in each cell type. While the virus titers in
HMVEC-d and dermal fibroblast cultures increased around
2,000-fold (197.8 and 249.1 PFU per cell, respectively) over the
60 h of infection, infection of keratinocytes only yielded 21.8
PFU virus particles per cell (1/10 of the viral yields from
HMVEC-d and dermal fibroblasts). The robust vaccinia virus
replication in HMVEC-d and dermal fibroblasts is typical for
cell lines permissive for exponential viral multiplication. How-
ever, the low level of viral replication in keratinocytes was
unexpected, since both early and late viral antigens were ex-
pressed in keratinocytes at levels comparable to, if not higher
than, those seen in dermal fibroblasts and HMVEC-d (Fig.
1A). We have not observed semipermissive infection by VV in
any other cell cultures tested. This phenomenon was not due to
the early death of the infected keratinocytes, as the cytopathic
effect of the virus on keratinocytes was much less severe than
on fibroblasts at the end of the 60-h infection (data not shown).

We chose a low virus infection dose (MOI of 0.1) in the
above experiment so that the vast majority of the viruses de-
tected 60 h later were newly produced from the cultures in-
stead of the input viruses. It is possible that the low virus yield

is due to soluble factors produced from the infected keratino-
cytes that can inhibit secondary infection in the culture or,
alternatively, poor cell-to-cell transmission of VV in keratino-
cyte culture. To investigate these possibilities, we infected ker-
atinocytes with WR-VV in either fresh keratinocyte medium or
conditioned medium from WR-VV-infected keratinocyte cul-
tures. Early and late viral gene expression was detected 20 h
postinfection. As shown in Fig. 3, comparable levels of E3L
and B5R were detected in keratinocytes infected in fresh me-
dium and conditioned medium from low-dose or high-dose
VV-infected keratinocytes, arguing against the inhibition of
secondary infection by keratinocyte soluble factors. We then
compared the viral propagation in different cell cultures at a
higher virus-to-cell ratio to minimize the need for virus trans-
mission between target cells. Known numbers of keratinocytes,
dermal fibroblasts, and HMVEC-d were infected with WR-VV
at an MOI of 10 (10 PFU per cell). Sixty hours later, the viral
titers were measured by plaque assay and the PFU per input
cell was calculated as described before. Increasing the initial
viral input did not improve viral yields in all three cell cultures
tested (Fig. 4 and 2). This result is expected for HMVEC-d and
dermal fibroblasts, as viral yield reaches the plateau level (200
to 300 PFU per cell) over a 60-h incubation regardless of the

FIG. 2. VV undergoes only limited replication in keratinocytes,
while replicating robustly in dermal fibroblasts and endothelial cells.
Primary cultures of the indicated skin cells were infected with WR-VV
at an MOI of 0.1 (0.1 PFU per cell). Sixty hours later, the numbers of
virus particles in the cultures were determined by plaque assay and are
shown as PFU per input cell. This is a representative result of three
independent experiments.

FIG. 3. VV-infected keratinocytes do not secrete soluble factors
that can inhibit secondary viral infection. Keratinocytes were infected
with WR-VV at an MOI of 0.1 (low dose) or 10 (high dose) for 24 h.
Supernatant samples were harvested and stored at �80°C. Separate
keratinocyte cultures were then infected with WR-VV at an MOI of 10
in the presence of either fresh medium or supernatant from low-dose-
or high-dose-infected keratinocytes. Viral infection was monitored by
the expression of early (E3L) and late (B5R) vaccinia virus antigens
using flow cytometry, as described in the legend for Fig. 1. Unfilled
histograms represent uninfected keratinocyte controls.
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input viral dose. In contrast, a 100-fold increase in the infection
dose failed to improve the low viral yield (	20 PFU/cell) in
keratinocytes, suggesting that the semipermissive fashion of
vaccinia virus infection in keratinocytes is not due to poor virus
spreading, but rather reflects intracellular mechanisms to in-
hibit late-phase viral production.

Keratinocytes and HMVEC-d show distinct patterns of cy-
tokine production following vaccinia virus infection. The lim-
ited viral replication in keratinocytes suggests that biological
functions of keratinocytes, such as cytokine production, may be
largely preserved in the presence of the ongoing vaccinia virus
infection. To further investigate the functional responses of
skin cells following VV infection, supernatant samples from
keratinocyte and HMVEC-d cultures were harvested at 24 h
postinfection (MOI of 10) and subjected to quantitative anal-
ysis for a panel of cytokines and inflammatory mediators. We
focused on keratinocytes and endothelial cells, because these
two types of cells interact closely with both APCs and T cells in
situ and have been implicated in the deviation of cutaneous
immune responses toward a Th1 or Th2 phenotype in skin
diseases such as psoriasis and atopic dermatitis (37). Sixteen
molecules were measured simultaneously using an automated
protein array system, and distinct patterns of cytokine produc-
tion were observed in keratinocytes and HMVEC-d (Fig. 5).

In HMVEC-d, vaccinia virus infection led to greatly reduced
production of IL-10, IL-13, TNFR II, and sICAM. With the
exception of VEGF, the expression of other cytokines tested
remained at low or undetectable levels (Fig. 5 and Table 1).
This result was not surprising, as the virus is known to rapidly
take over the cellular protein synthesis machinery and switch
off the expression of cellular genes in permissive cells. How-
ever, in striking contrast, VV infection of keratinocytes re-
sulted in significantly increased (at least 10-fold) levels of
TGF-�, IL-10, IL-13, sICAM, and soluble TNFR, with the
strongest up-regulation seen in TGF-� (from �15 pg/ml to 3.3
ng/ml). VEGF was the only cytokine tested that was detected
at a higher level in HMVEC-d culture supernatant and at a
lower level in keratinocyte supernatant. On the other hand, we
did not observe any significant changes in levels of IL-1�, IL-2,
IL-4, IL-5, IL-6, IL-8, IL-12, IFN-�, IP10, and TNF-� following

vaccinia virus infection of either keratinocytes or HMVEC-d
(Table 1). Keratinocytes have been shown to respond to a
variety of stimuli by producing cytokines and chemokines. To
further investigate whether the Th2-prone profile of cytokine
production from keratinocytes is a common response to
general stimuli, or a specific response to vaccinia virus in-
fection, we compared the cytokine production profiles of
keratinocytes following VV infection or UVB irradiation.
Six different Th1 or Th2 cytokines were measured by
ELISA. Consistent with the results shown in Table 1, up-
regulation of Th2 cytokines TGF-�, IL-10, and IL-13 was
observed in vaccinia virus-infected keratinocytes, while the
Th1 cytokines were undetectable in the supernatant. In con-
trast, a significant amount of the Th1 cytokine TNF-� was
detected in UVB-irradiated keratinocyte culture superna-
tant (Table 2). TGF-� was also up-regulated in keratino-
cytes following UVB irradiation, but at a much lower level
than after vaccinia virus infection. Taken together, these
results demonstrate that VV infection of keratinocytes leads
to up-regulation of TGF-� and Th2 cytokines.

FIG. 4. The limited VV replication in keratinocytes is not due to
poor cell-to-cell transmission. Known numbers of the indicated skin
cells were infected with WR-VV at an MOI of 10 (10 PFU/cell). Sixty
hours later, the numbers of virus particles in the cultures were deter-
mined by plaque assay and are shown as PFU per input cell. The
numbers are the averages of duplicate samples.

FIG. 5. Keratinocytes and HMVEC-d have distinct patterns of cy-
tokine production following vaccinia virus infection. Keratinocytes and
HMVEC-d were infected with WR-VV at an MOI of 10 and cultured
for 20 h. The supernatant samples were collected and analyzed for a
panel of cytokines and inflammatory mediators with the MicroSpot
ELISA array system at the Schleicher & Schuell Protein Array Facility.
Samples from uninfected cultures were included for comparison. Re-
sults represent the average cytokine concentrations detected from trip-
licate wells. UD, undetectable.
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DISCUSSION

This is the first comprehensive study of vaccinia virus infec-
tion in healthy human skin cells. Two distinct patterns of in-
fection were observed in different types of skin cells. Skin cells
of hematopoietic lineage, such as LC and dermal DC, are
relatively resistant to VV infection, and those that were in-
fected did not support VV late gene expression or viral repli-
cation. This is consistent with a previous report from Bhard-
waj’s group that showed VV abortively infects human
monocyte-derived DC (14). The resistance and abortive infec-
tion may allow the infected skin APCs to survive long enough
to execute their functions—that is, to carry antigens to draining
lymph nodes, or to activate skin-infiltrating lymphocytes in situ,
and induce protective T-cell immune responses. This notion is
supported by the observation that VV-infected mature mono-
cyte-derived DC cultures induce strong CTL activity (7, 14). In
contrast, VV readily establishes productive infection in epider-
mal keratinocytes, dermal fibroblasts, and HMVEC-d. Inter-
estingly, despite the comparable levels of viral antigen expres-
sion among the permissive cell cultures, keratinocytes did not
support a high level of VV replication as seen in dermal fibro-
blasts and HMVEC-d (Fig. 2). It is not clear at present how
keratinocytes suppress vaccinia virus replication. Low-level vi-
rus production in keratinocytes is not due to inhibitory soluble
factors from the infected cells (Fig. 3), nor inhibition of cell-
to-cell spread (Fig. 4), suggesting intracellular pathways exist
to limit VV replication at a late stage. It is possible that semi-
permissive infection of keratinocytes may serve as a protective
mechanism to prevent rapid virus production and dissemina-
tion in the skin surface layers following vaccinia virus inocula-
tion.

In addition to providing a primary physical barrier between
the body and the environment, skin cells also function in ini-
tiating innate inflammatory responses and shaping adaptive
immune responses by producing and responding to inflamma-
tory and immunoregulatory mediators in response to environ-
mental insults (23, 37, 41, 45). We compared the expression
levels of 16 cytokines and inflammatory mediators in kerati-

nocytes and HMVEC-d before and after VV infection. Our
data show that while release of these factors is globally down-
regulated in the infected endothelial cells, there is a remark-
able up-regulation of multiple immunoregulatory and Th2-
promoting cytokines, including TGF-�, IL-10, and IL-13, in the
infected keratinocytes. Each of these cytokines was up-regu-
lated by more than a factor of 10 and TGF-� by much more.

TGF-� is in general considered to be an inhibitory cytokine
for the development of inflammation and Th1 responses.
While TGF-� attracts neutrophils and lymphocytes to the in-
jury site at early stages of inflammation, it inhibits their pro-
liferation and function at later stages (29). The negative mod-
ulating role of TGF-� in Th1-dominated diseases has been well
documented in autoimmune disease models using TGF-�-de-
ficient animals (26). In addition, studies of lung epithelium
from asthmatic patients suggest a role for TGF-�1 in the
pathogenesis of this characteristically Th2-dominated disease
(43, 46). Recently, TGF-� has also been shown to be important
in both the generation and the action of regulatory CD4� and
CD8� T cells (18, 32). IL-10 is one of the best-studied sup-
pressor cytokines for both innate and adaptive immune func-
tions. It potently inhibits Th1 cells as well as the production of
proinflammatory cytokines, such as IL-1, IL-6, IL-8, and
TNF-� (30). IL-10 produced from VV-infected keratinocytes
may serve to prevent the induction of the proinflammatory
cytokines. Indeed, we did not detect significant production of
either Th1 or proinflammatory cytokines from vaccinia virus-
infected keratinocytes (Table 1). Finally, IL-13 is also involved
in the development of the Th2 response, with functions paral-
leling those of IL-4 (11, 28). These Th2 cytokines have been
implicated in the pathogenesis of atopic dermatitis (1, 9, 24).
We also observed significant up-regulation of sICAM and
TNFR from the vaccinia virus-infected keratinocytes. Blocking
T-cell LFA-1 locally by sICAM and binding of TNF-� by sol-
uble TNFR may also contribute to local immunosuppression
and are likely to enhance the inhibitory effects of the negative
regulatory cytokines, such as IL-10, TGF-�, and IL-13 (5, 6,
17).

We did not observe any significant changes in levels of IL-
1�, IL-2, IL-4, IL-5, IL-6, IL-8, IL-12, IFN-�, IP10, and TNF-�
following vaccinia virus infection of either keratinocytes or
HMVEC-d (Table 1). However, these data need to be inter-
preted with caution, since a number of poxvirus early genes
encode antagonistic cytokine receptor homologues that can

TABLE 1. Cytokine concentrations in supernatants of VV-infected
or uninfected keratinocytes and HMVEC-d culturesb

Cytokine

Concn in supernatant (pg/ml)

Keratinocytes HMVEC-d

Infected Uninfected Infected Uninfected

IL-1� 5.9 5.6 3.8 3.7
IL-2 7.8 �3a �3 �3
IL-4 �3 �3 �3 �3
IL-5 6.5 �5 �5 �5
IL-6 41.4 �5 12.5 47.9
IL-8 121.1 50.4 744.7 1,676.9
IL-12 p40 225.8 �100 �100 �100
IL-12 p70 29.2 22.7 21.6 27
IFN-� �3 �3 �3 �3
IP10 �30 64.3 �30 �30
TNF-� 17.5 5.4 10.5 15.5

a Less than the detection threshold for the given cytokine.
b Keratinocytes and HMVEC-d were either untreated or infected with VV at

an MOI of 10 and cultured at 37°C for 24 h. Cytokine concentrations (pg/ml) in
the supernatant samples were measured by MicroSpot ELISA array as described
in Materials and Methods.

TABLE 2. Keratinocytes produced different cytokines responding
to VV infection versus UVB irradiation

Cytokine
Concn (pg/ml)a

Untreated UVB VV infected

TNF-� 5.4 78.6 12.5
IFN-� 6.33 7.29 9.2
IL-12 p70 20.1 15.8 24.6
IL-13 UDb UD 103.7
IL-10 UD UD 29.6
TGF-� UD 164.8 2627

a Keratinocytes were either untreated, irradiated with UVB at 100 �J/s/cm2, or
infected with VV at an MOI of 10 and cultured at 37°C for 24 h. Cytokine
concentrations (pg/ml) in the supernatant samples were measured by ELISA.

b UD, undetectable by ELISA.
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specifically bind to several regulatory cytokines, including IL-
1�, IFN-�, -�, -�, and TNF-� (3, 4, 12, 22). These viral gene
products may block the detection by MAbs used in our detec-
tion assay. In unpublished studies, we have shown that coin-
cubation of supernatant from VV-infected DC cultures with
TNF-�-containing medium completely abrogated the ELISA
detection of TNF-� (unpublished data). Rapid production of
cytokine receptor homologues following the infection of target
cells may provide the virus an opportunity to evade host innate
as well as adaptive immune responses in the early stages fol-
lowing viral inoculation. Alternatively, the immunoregulatory
and Th2 cytokines and chemokines from the infected kerati-
nocytes may directly inhibit the production of some proinflam-
matory and Th1-inducing cytokines in the same cells.

We compared cytokine production from UVB-irradiated or
VV-infected keratinocytes (Table 2). TNF-�, instead of IL-13
and IL-10, was produced from UVB-irradiated cells, and the
induction of TGF-� was much weaker in the irradiated cells
than in VV-infected cells. In addition, the IL-1 and IL-8 family
of chemokines has been shown to be up-regulated following
UV irradiation of keratinocytes (10, 27), and we failed to
detect significant increases of these cytokines in vaccinia virus-
infected keratinocyte culture supernatants. These results sug-
gest that the up-regulation of the Th2 cytokines is not a re-
sponse of keratinocytes to stimulation in general, but rather a
specific response of these cells to VV infection. This notion is
supported by studies of cytokine production from keratino-
cytes infected by other skin-tropic viruses. Increased Th1 cy-
tokine IFN-�, TNF-�, and IL-6 expression levels were ob-
served in keratinocytes following varicella-zoster virus
infection (33). On the other hand, human papilloma virus
2/27/57 infection led to an induction of IL-6, IL-10, and IP10
and an up-regulation of TGF-� (20).

While in many patients inoculation with smallpox vaccine
induces local pain and swelling and systemic symptoms asso-
ciated with viremia, the vast majority of vaccinees generate
potent and long-lasting protective immunity against variola
virus without any negative clinical consequence. It is reason-
able to suspect that the strategies employed by vaccinia virus to
evade the immune response, both previously described (40)
and newly reported here, allow local replication of the virus
such that a pox reaction and viremia can occur. However, they
are insufficient to cause significant morbidity and mortality in
patients with intact immune systems. Currently, it is still un-
clear how VV rapidly induces strong immune responses while
utilizing multiple elegant strategies to evade the immune sys-
tem. It will be important to investigate whether the intact
physical barrier provided by the semipermissive keratinocytes
is essential for preventing undesirable rapid virus dissemina-
tion and whether the presence of potent immune effector cells
in vivo may overcome or reverse the pattern of the immune-
modulating molecule production in skin following vaccinia vi-
rus infection.

Taken together, this is the first study to show that VV in-
duces immunoregulatory and Th2-polarizing cytokines from
infected keratinocytes. This may represent a novel VV strategy
to alter the host immune response in favor of its own survival,
albeit local and temporary in the majority of patients. It is
currently under investigation whether the soluble factors pro-
duced from vaccinia virus-infected keratinocytes could in turn

modulate the maturation, differentiation, and functions of DC
and T cells. It has been shown previously that VV counteracts
the host immune response by blocking dendritic cell matura-
tion, encoding soluble antagonistic receptor homologues for
proinflammatory mediators and Th1 cytokines, and producing
a soluble inhibitor that sequesters CC chemokines (2–4, 14,
36). Our study suggests that the induction of immunoregula-
tory cytokines by infected keratinocytes may work in concert
with these immune evasion strategies to create a local cutane-
ous microenvironment that would antagonize virus-controlling
Th1 and CTL responses and favor local viral replication.

In immunocompetent individuals, the host immune system
can usually overcome these immune evasion mechanisms and
completely clear the infection even after it has been present for
several days. However, in patients with compromised cutane-
ous immune surveillance and impaired ability to regulate the
Th1/Th2 balance (e.g., patients with atopic dermatitis), these
immune evasion strategies may permit unrestrained viral
growth and dissemination, resulting in the clinical condition
known as eczema vaccinatum. Engineering recombinant VV
strains that block immunoregulatory or Th2-polarizing cyto-
kines may represent a new strategy for developing a safe small-
pox vaccine.
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