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Background: Patients with atopic dermatitis (AD) are prone

to disseminated viral skin infections and therefore are not

vaccinated against smallpox because of potential complications.

Macrophage inflammatory protein 3a (MIP-3a) is a C-C

chemokine expressed by keratinocytes that exhibits

antimicrobial activity against bacteria and fungi; however,

its role in antiviral innate immunity is unknown.

Objective: Evaluate the level of MIP-3a in AD skin and its role

in the innate immune response to vaccinia virus (VV).

Methods: Macrophage inflammatory protein 3a levels were

evaluated using real-time RT-PCR, immunodot-blot, and

immunohistochemistry. The antiviral activity of MIP-3a was

determined using a standard viral plaque assay.

Results: Macrophage inflammatory protein 3a gene expression

was significantly (P < .01) decreased in AD skin (0.21 6 0.05 ng

MIP-3a/ng glyceraldehyde-3-phosphate dehydrogenase)

compared with psoriasis skin (0.67 6 0.13). This was confirmed

at the protein level using immunohistochemistry. We further

demonstrate that TH2 cytokines downregulate MIP-3a
expression. The importance of MIP-3a in the innate immune

response against VV was established by first demonstrating

that MIP-3a exhibits activity against VV. Second, VV

replication was significantly increased (P < .01) in keratinocytes

treated with an antibody to neutralize MIP-3a.

Conclusion: The current study demonstrates that MIP-3a

exhibits antiviral activity against VV and demonstrates the

importance of MIP-3a in the innate immune response against
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VV. In addition, AD skin is deficient in MIP-3a, in part because

of the overexpression of TH2 cytokines in AD skin.

Clinical implications: MIP-3a deficiency in AD skin contributes

to patients’ increased propensity toward eczema vaccinatum.

Increasing MIP-3a or neutralizing TH2 cytokines could prevent

adverse reactions in patients with AD after smallpox

vaccination. (J Allergy Clin Immunol 2007;119:457-63.)

Key words: Atopic dermatitis, chemokines, innate immunity, vac-

cinia virus, antimicrobial peptides

Atopic dermatitis (AD) is a chronic inflammatory skin
disorder that affects approximately 17% of children and
is associated with significant disruption in the quality of
life.1,2 Recent studies have shown that the TH2 cytokine
milieu in AD skin downregulates several innate immune re-
sponse genes,3-6 thereby predisposing patients to recurrent
bacterial and viral skin infections.1 Currently, the Centers
for Disease Control and Prevention recommend that pa-
tients with AD refrain from smallpox vaccination because
of potential complications of disseminated viral infection
including eczema vaccinatum.7 This represents a signifi-
cant challenge to any mass vaccination campaign using
the currently available Wyeth strain of vaccinia virus (VV).

Chemokines are a family of small proteins (5-20 kd)
with a crucial role in innate and adaptive immunity.8 In re-
cent years, chemokines have been shown to exhibit anti-
bacterial activity and therefore may serve as a new class
of antimicrobial molecules.9 In particular, macrophage in-
flammatory protein 3a (MIP-3a; C-C chemokine ligand
20) is a C-C chemokine constitutively expressed by kerat-
inocytes in the epidermis.10 In addition, it is expressed by
endothelial cells, monocytes, and fibroblasts after stimu-
lation11 and neutrophils in response to microbial patho-
gens.12 MIP-3a is an important chemokine responsible
for the epidermal recruitment of Langerhans cells through
its interaction with CCR6.11 This characteristic is an im-
portant step in the development of cutaneous immunity.

By using gene chip microarray technology, our labora-
tory previously found that MIP-3a expression is decreased
in lesional skin from patients with AD compared with
psoriasis.4 In the current study, we set forth to confirm this
observation by using more quantitative methods with
increased sensitivity and reliability at both the gene and
protein levels as well as to study its modulation by TH2
cytokines. In addition, we examined whether physiologi-
cal levels of MIP-3a protein exhibit activity against VV
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Abbreviations used
AD: Atopic dermatitis

AMP: Antimicrobial peptide

MEM: Minimum essential medium

MIP-3a: Macrophage inflammatory protein 3a

TBST: TRIS-buffered saline with 0.05% Tween 20

VV: Vaccinia virus

and may therefore contribute to the increased propensity
of patients with AD toward eczema vaccinatum.

METHODS

Subjects

Study participants included 12 healthy controls (mean age, 24.7

years), 18 patients with AD (mean age, 34.1 years; 10% to 60% skin

involvement), and 14 patients with psoriasis (mean age, 46.7 years;

15% to 40% skin involvement). None of the patients had previously

received any systemic immunosuppressive drugs such as corticoste-

roids or cyclosporine, and all patients were asked to refrain from use

of topical corticosteroids or calcineurin inhibitor for more than

1 week before enrollment. These studies were conducted according to

the Declaration of the Helsinki Guidelines and were approved by the

Institutional Review Board at National Jewish Medical and Research

Center in Denver. All subjects gave written informed consent before

enrollment.

Four 2-mm skin biopsies were collected from enrolled subjects

and immediately submerged in 1 mL Tri-Reagent (Molecular

Research Center, Inc, Cincinnati, Ohio) and frozen at –808C for

future RNA and protein isolation or immediately submerged in 1 mL

10% buffered formalin for immunohistochemistry.

Virus source and culture

The Wyeth strain of VV was obtained from the Centers for

Disease Control and Prevention (Atlanta, Ga). VV was cultured in

HeLa S3 (American Type Culture Collection, Manassas, Va; CCK-

2.2) human adenocarcinoma cells as previously described.13 This

yielded infectious virions in the form of intracellular mature virions.14

Keratinocyte cell cultures

Primary human keratinocytes were routinely grown in serum-free

keratinocyte growth medium (EpiLife; Cascade Biologics, Portland,

Ore), supplemented with 1% human keratinocyte growth supplement

V2 (Cascade Biologics), 0.06 mmol/L calcium chloride, and 1% an-

tibiotics (penicillin/streptomycin). To study the effects of TH2 cyto-

kines on MIP-3a and VV gene expression, primary keratinocytes

were seeded at 2 3 105 cells per well and differentiated in the pres-

ence of 1.3 mmol/L CaCl2 for 5 days. Keratinocytes were then incu-

bated with 50 ng/mL IL-4 (R&D Systems, Minneapolis, Minn) and

50 ng/mL IL-13 (R&D Systems) for 24 hours. After 24 hours, fresh

cytokines were added to the culture, and cells were then infected with

VV (0.1 plaque-forming unit [pfu]/cell) for an additional 24 hours.

After the final 24-hour incubation, media were removed and RNA

isolated from keratinocytes by using RNeasy kits according to the

manufacturer’s guidelines (Qiagen, Valencia, Calif) for real-time

RT-PCR.

The HaCaT human keratinocyte cell line was grown in Dulbecco

modified Eagle medium (Cellgro, Herndon, Va), supplemented with

10% FCS (Gemini Bio Products, Calabasas, Calif) and 1% of the
following: penicillin/streptomycin, L-glutamine, minimal essential

medium (MEM) with nonessential amino acids (GIBCO, Grand

Island, NY), and MEM vitamin solution (GIBCO). Once confluent,

cells were seeded in 24-well plates at 2 3 105 cells per well and

cultured for 24 hours to allow adherence. To examine the direct ef-

fect of MIP-3a on VV gene expression, HaCaT cells were infected

with 0.1 pfu VV per cell in the presence and absence of either 1 mg/

mL anti–MIP-3a (R&D Systems) or isotype control (mouse IgG1).

After a 24-hour incubation, media were removed and RNA isolated

from keratinocytes according to the manufacturer’s guidelines

(Qiagen).

RNA preparation and analysis

Total RNA was isolated from skin biopsies by chloroform:phenol

extraction and isopropanol precipitation according to the manufac-

turer’s guidelines (Sigma Chemical Co, St Louis, Mo). RNeasy Mini

Kits (Qiagen) were used to isolate RNA from cell cultures and to

purify RNA further from skin biopsies. One microgram RNA was

reverse-transcribed in a 20-mL reaction containing Random Primers

(Invitrogen, Carlsbad, Calif), RNase Inhibitor (Invitrogen), and

Superscript II enzyme (Invitrogen) for 60 minutes at 428C and then

708C for 15 minutes. Real-time PCR was performed and analyzed by

the dual-labeled fluorogenic probe method using an ABI Prism 7000

sequence detector (Applied Biosystems, Foster City, Calif) as previ-

ously described.5 Primers and probe for human GAPDH and MIP-3a

were purchased from Applied Biosystems. The primer sequences

used to assay for the vaccinia gene transcripts were as follows:

forward, 59-GCCAATGAGGGTTCGAGTTC-39, and reverse, 59-

CAACATCCCGTCGTTCATCA-39. This region of the genome en-

codes a subunit of a DNA-directed RNA polymerase expressed

within 2 hours of viral entry.15 Relative expression levels were calcu-

lated by the relative standard curve method as outlined in the manu-

facturer’s technical bulletin (Applied Biosystems). A standard curve

was generated using the fluorescent data from 10-fold serial dilutions

of total RNA of the highest expression sample. To allow for compar-

isons between samples and groups, quantities of all targets in test

samples were normalized to the corresponding GAPDH levels in

the skin biopsies and cultured keratinocytes and expressed as target

gene normalized to GAPDH.

Immunohistochemistry for MIP-3a

Paraffin-embedded tissues were cut into 5-mm sections and placed

on frosted microscope slides. Through a series of toluene and ethanol

washes, slides were deparaffinized and rehydrated. Slides were then

immersed in a 10-mmol/L citrate solution (pH 6.0) and microwaved

for 16 minutes to retrieve masked antigens. Slides were washed in

PBS and treated with a 0.2% Triton solution for 30 minutes at room

temperature. Endogenous peroxidase was blocked with 5% H2O2

in PBS for 30 minutes followed by a universal block (Dako, Inc,

Mississauga, Ontario, Canada) for 30 minutes at room temperature.

Slides were stained with a monoclonal mouse antihuman antibody

directed against MIP-3a (1:25 dilution; R&D Systems) overnight

at 48C. Slides were then washed and incubated for 45 minutes with

a biotinylated rabbit antimouse Ig antibody (1:100 dilution; Dako,

Inc). The antigen-antibody complex was detected using the avidin-

biotin peroxidase complex method. Diamino benzidine (Dako, Inc)

was used to visualize the antibody specific staining. Slides were

counterstained with Hematoxylin Gill II. Antibody specificity was

determined by replacing the primary antibody with an isotype-

matched control.

All slides were coded before evaluation to ensure subject ano-

nymity and to ensure that the evaluator was unaware of the disease

diagnosis in each slide. Images were collected at 3200 magnification

and the intensity of the immunostaining scored on a scale from 0 to 8,
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where 0 indicated no staining, 1 5 0% to 12.5% staining, 2 5 12.5%

to 25%, with a stepwise increase by 12.5% to 8 5 100%.

Immunodot-blot

Immunodot-blot was performed with a Bio-Dot Microfiltration

Apparatus from Bio-Rad (Hercules, Calif). Protein was isolated from

skin biopsies by acetone precipitation and washed using 0.3 mol/L

guanidine hydrochloride in 95% ethanol with 2.5% glycerol accord-

ing to the manufacturer’s guidelines (Molecular Research Center,

Inc). Fifty micrograms of total protein was loaded in a final volume of

200 mL TRIS-buffered saline with 0.5% Tween 20 (TBST) and

allowed to bind to the nitrocellulose membrane by gravity filtration.

The membrane was then blocked in 5% milk in TBST for 30 minutes

at room temperature. After blocking, the membrane was washed once

with TBST to remove residual blocking solution and then incubated

overnight at 48C with anti–MIP-3a (R&D Systems) at 2 mg/mL in

TBST. The blot was washed 3 times with TBST for 5 minutes and

then incubated with antimouse horseradish peroxidase conjugated

secondary antibody (Amersham Biosciences, Buckinghamshire,

United Kingdom) at a dilution of 1:10,000 in TSBT for 1 hour at

room temperature. Blots were washed 3 times for 5 minutes each

with TBST and then developed with ECL Western Blotting

Detection Reagents (Amersham Biosciences) according to the manu-

facturer’s protocol. The intensity of MIP-3a proteins was determined

by digital image analysis using the National Institutes of Health

image 1.61 software program. Specificity of the antibody was deter-

mined by replacing the primary antibody with a mouse IgG1 isotype

control (Southern Biotechnology, Birmingham, Ala).

To make comparisons between study subject populations, a

standard curve was generated for MIP-3a protein by using recombinant

human MIP-3a protein (R&D Systems). The concentration of MIP-3a

in the original skin biopsy sample was then estimated by dividing the

experimentally determined mass of MIP-3a from the skin biopsy

sample by the epidermal volume. The epidermal volume was estimated

assuming an epidermal thickness of 0.1 mm; thus, the volume of

epidermis in a 2-mm punch-biopsy specimen was 3.14 3 1021 mm3.

Antiviral assays

BS-C-1 (American Type Culture Collection: CCL-26), African

green monkey kidney cells (2 3 105/well), were seeded in 24-well

tissue culture plates in MEM 10% FCS and penicillin/streptomycin

and allowed to grow overnight before the supernatant was removed

and replaced with MEM 2.5% FCS for virus incubation. BS-C-1 cells

were used for the quantitative estimates because they present uniform

plaques.16 HeLa S3 cells are routinely used for preparations of virus

stock because they give consistently high yields of virus but, because

of their rounded morphology, do not present uniform plaques.

Macrophage inflammatory protein 3a (R&D Systems) was diluted

to the proper concentrations in 0.01X tryptic soy broth containing 10

mmol/L sodium phosphate buffer, pH 7.4. Virus was diluted in the

same buffer and then added to the MIP-3a. The MIP-3a/virus

mixture was incubated for 24 hours at 378C, and then 20 mL was added

to the BS-C-1 cells in 0.5 mL MEM 2.5% FCS and allowed to infect

for 48 hours for plaque development. For the plaque assay, the medium

was removed, and wells were overlaid with 0.5 mL 10% buffered

formalin and allowed to fix for 5 minutes at room temperature. The

formalin was removed, and 0.5 mL 0.1% crystal violet in PBS was

added to the wells for 5 minutes at room temperature. Wells were then

aspirated and air-dried for visualization of plaques. VV was diluted for

this assay to generate 50 to 80 plaques in wells with VV alone.

Statistical analysis

Statistical analysis was conducted using Graph Pad Prism, version

4.03 (San Diego, Calif). Data were analyzed by a 1-way ANOVA,
and significant differences between exposure groups were deter-

mined by a Tukey-Kramer test.17

RESULTS

MIP-3a levels in normal subjects
and AD and psoriasis skin

Skin biopsies were collected from noninflamed skin of
normal subjects, as well as the inflamed skin lesions of
patients with AD and psoriasis. MIP-3a gene expression
was evaluated using real-time RT-PCR and normalized to
the endogenous control, GAPDH, for all samples to allow
comparisons between samples and patient populations. As
shown in Fig 1, MIP-3a gene expression was significantly
higher in lesional skin from patients with psoriasis (mean,
0.67 6 0.13 ng MIP-3a/ng GAPDH) compared with
lesional AD skin (mean, 0.21 6 0.05; P < .01), unin-
volved AD skin (0.19 6 0.05; P < .01), or normal skin
(mean, 0.20 6 0.07; P < .01). Uninvolved skin from
patients with psoriasis exhibited higher expression of
MIP-3a (0.33 6 0.13) compared with uninvolved AD
skin, lesional AD skin, and normal skin; however, these
differences did not reach statistical significance. Immuno-
histochemical staining confirmed increased MIP-3a levels
in the skin of patients with psoriasis compared with pa-
tients with AD (Fig 2, A). The composite data for MIP-
3a immunostaining in all samples are shown in Fig 2, B.
The intensity of MIP-3a staining in skin from patients
with psoriasis was significantly higher than that for normal
(P < .001) and AD (P < .001) skin. In addition, the great-
est staining intensity was seen in keratinocytes.

Quantitation of physiological MIP-3a
protein levels

Cultured keratinocytes have been shown to secrete
more than 2 ng/mL MIP-3a after stimulation18; however,
the concentration of MIP-3a within the skin is not known.
Therefore, skin biopsies were collected from the

FIG 1. MIP-3a gene expression is decreased in AD compared with

psoriasis skin. RNA was isolated from the skin of 9 normal subjects,

9 patients with AD, and 6 patients with psoriasis, and the levels of

MIP-3a gene expression were evaluated by real-time RT-PCR as

described in Methods. Data are expressed as means 6 SEMs.
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FIG 2. MIP-3a protein expression is decreased in AD compared with psoriasis skin. A, Paraffin-embedded skin

biopsies were cut into 5-mm sections and stained for MIP-3a. Representative images are shown at 3200 mag-

nification evaluated from 6 patients with AD, 6 patients with psoriasis, and 6 normal subjects. B, The intensity

of the immunostaining was visually scored on a scale from 0 to 8, where 0 indicated no staining, 1 5 0 to 12.5%

staining, and 2 5 12.5% to 25%, with a stepwise increase by 12.5% to 8 5 100%. Statistical significance of

P < .05.
noninflamed skin of normal subjects, as well as inflamma-
tory lesions of patients with AD and psoriasis, then
evaluated for MIP-3a protein expression using an immu-
nodot-blot assay. As shown in Fig 3, MIP-3a protein ex-
pression was significantly higher in skin lesions from
psoriasis (mean, 104.20 6 11.97 mmol/L) compared
with AD skin (mean, 44.49 6 9.15 mmol/L; P < .01) or
skin from normal subjects (mean, 39.51 6 6.81 mmol/L;
P < .001).

Induction and regulation of MIP-3a

Previously, MIP-3a has been shown to be induced in
keratinocytes by proinflammatory cytokines.18 Therefore,
we investigated whether VV would induce the expression
of MIP-3a in primary keratinocytes. MIP-3a expression
was significantly elevated (P < .01) in keratinocytes
infected with 0.1 pfu VV per cell (0.34 6 0.04 ng MIP-
3a/ng GAPDH) compared with media alone (0.21 6

0.01; Fig 4). IL-4 and IL-13 have previously been shown
to be elevated in the skin of patients with AD.5,19,20

Preincubation of keratinocytes with IL-4 and IL-13 before
VV infection in these studies significantly reduced the ex-
pression of MIP-3a (0.24 6 0.03; P < .05) compared with
infection with VV alone. IL-4 and IL-13 have previously
been shown by our laboratory to augment VV replication
in keratinocytes.21

Antiviral activity of MIP-3a against VV

After identifying the physiological concentrations of
MIP-3a reached in psoriasis, a skin disease not associated
with recurrent infection, we used a viral plaque assay to
determine whether these concentrations of MIP-3a exhibit
antiviral activity against VV. As shown in Fig 5, preincu-
bation of VV with MIP-3a resulted in a concentration-
dependent reduction in plaque formation. Significantly
fewer plaques were observed on preincubation of VV
with 25 mmol/L (32 6 3 plaques; P < .01) and 50
mmol/L (21 6 1 plaques; P < .01) MIP-3a compared
with VV alone (73 6 3 plaques).

To demonstrate further the importance of MIP-3a,
keratinocytes were preincubated with a MIP-3a neutralizing
antibody or isotype control before VV infection. As shown
in Fig 6, VV gene expression was significantly higher in
keratinocytes pretreated with anti–MIP-3a (mean, 13,913
6 1807 ng VV/ng GAPDH; P < .01) compared with the un-
treated keratinocytes (mean, 7800 6 919). Keratinocytes
treated with the isotype control antibody exhibited similar
levels of VV gene expression to untreated keratinocytes.
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DISCUSSION

The epidermis is a keratinocyte-rich region of the skin
that provides a physical barrier against invading bacterial
and viral pathogens. Keratinocytes in the epidermis mi-
grate through the basal, spinous, and granular regions to
differentiate terminally into anucleate cells and form the
stratum corneum.22 The stratum corneum is the skin’s first
line of defense against invading microbial pathogens.
When the stratum corneum is compromised, further in-
vasion by pathogens is prevented by the innate immune
response, largely the production of antimicrobial peptides
(AMPs), such as human b-defensins and cathelicidins,
by keratinocytes. AMPs are an integral part of the innate
immune response because they have been shown to be
effective in killing bacterial20 and viral13 pathogens.
Previously we have demonstrated that the AMPs human

FIG 3. MIP-3a is induced by VV and downregulated by TH2 cyto-

kines. Primary keratinocytes were stimulated with 0.1 pfu/cell of

VV in the presence and absence of IL-4 (50 ng/mL) and IL-13 (50

ng/mL) for 24 hours. MIP-3a gene expression was evaluated by

real-time RT-PCR. Data are expressed as the means 6 SEMs with

an n 5 6. NHK, Normal human keratinocytes.

FIG 4. Quantification of MIP-3a protein levels in skin biopsies from

normal subjects, lesional AD skin, and lesional psoriasis skin.

Protein was isolated from the skin of 6 normal subjects, 6 patients

with AD, and 6 patients with psoriasis, and the levels of MIP-3a

protein were evaluated by immunodot-blot. Data are expressed as

the means 6 SEMs.
b-defensin 2, human b-defensin 3, and the cathelicidin
LL-37 are deficient in AD skin.5,20 This deficiency may
account, in part, for the increased susceptibility of patients
with AD to recurrent skin infections; however, the role
of additional molecules in the innate immune response,
particularly against viral agents, such as VV, has not
been well characterized.

MIP-3a is a C-C chemokine that plays an important
role in the innate and adaptive immune response by
exhibiting antibacterial activity and recruiting Langerhans
cells to the skin.9,11,23 By using gene chip microarrays, we
previously observed elevated expression of MIP-3a in the
lesional inflamed skin of patients with psoriasis compared
with inflamed skin lesions from patients with AD.4 We
confirmed this observation in the current study using
real-time RT-PCR and immunohistochemistry, which
have a higher degree of sensitivity and reproducibility.
Levels of MIP-3a gene expression in inflamed AD skin

FIG 5. MIP-3a exhibits antiviral activity against VV. VV was incu-

bated with varying concentrations of MIP-3a for 24 hours and then

evaluated using a standard viral plaque assay. Data are expressed

as the means 6 SEMs with an n 5 6.

FIG 6. Neutralization of MIP-3a augments VV replication. HaCaT

cells were stimulated with 0.1 pfu/cell of VV for 24 hours in the

presence and absence of 1 mg/mL anti–MIP-3a. VV gene expression

was evaluated by real-time RT-PCR. Data are expressed as the

means 6 SEMs with an n 5 6.
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lesions were approximately 50% lower than those in pso-
riasis skin lesions. This is most likely a result of differences
in the cytokine microenvironments in the skin. Psoriasis
skin has been shown to overexpress proinflammatory
cytokines such as TNF-a, IL-6, IL-1, and IFN-g,5,24

which induce the expression of AMPs,5,19,25,26 whereas
negligible levels of TNF-a and IFN-g have been shown
in AD skin.5 Normal skin is unstimulated and therefore
would not be expected to express increased levels of
MIP-3a.

In the current study, we demonstrate for the first time that
stimulation with VV induces MIP-3a chemokine expres-
sion in keratinocytes and therefore provides an added
dimension to the innate antiviral immune responses of this
important cell type. However, preincubation of keratino-
cytes with IL-4 and IL-13, TH2 cytokines overexpressed in
the AD skin,3,5,18,27 significantly inhibited the induction of
MIP-3a. Interestingly, these cytokines have previously
been shown to support VV replication.21 Combined with
our current data, this could further explain why patients
with AD are susceptible to disseminated VV infection.

MIP-3a exhibits potent activity against bacteria and
fungi9,23; however, its activity against viruses has not pre-
viously been studied. On the basis of our data suggesting a
role for MIP-3a in the pathogenesis of VV infection, we
investigated whether MIP-3a exhibits activity against VV.
Our current study is the first to demonstrate that MIP-3a

kills VV in a dose-dependent manner. Because little is
known about the antiviral activity of MIP-3a, we further in-
vestigated what physiological levels of MIP-3a are found in
AD versus psoriasis skin. Physiologic concentrations of
MIP-3a found in psoriasis skin were significantly higher
than those necessary to kill VV. In contrast, concentrations
found in normal healthy skin and lesional AD skin were sig-
nificantly lower than those found in psoriasis. Indeed, sev-
eral of the patients with AD enrolled in the current study
possessed levels of MIP-3a concentration needed to achieve
significant VV killing. This may explain why a subpopula-
tion of patients with AD is at greater risk of disseminated
viral infection than the AD population as a whole. Normal
skin is unstimulated; therefore, it would not be expected
to exhibit increased MIP-3a. The biological significance
of these observations is further supported by our observation
that neutralization of MIP-3a in keratinocytes allows
significantly greater VV replication (Fig 6). This further
illustrates the importance of this chemokine in the innate
immune response of the skin to VV. The exact mechanism
by which MIP-3a exhibits its antiviral activity is not known;
however, the high isoelectric point (isoelectric point 10.6)
and specific distribution of positively charged residues sug-
gest a direct interaction with the negatively charged viral
envelope.8,9,23

The current study demonstrates that chemokines such
as MIP-3a exhibit antiviral activity against VV and further
demonstrates a role for MIP-3a in controlling VV path-
ogenesis. In addition, we demonstrate that insufficient
expression and production of MIP-3a in AD skin in-
creases the potential for disseminated VV infection after
smallpox vaccination. Importantly, human keratinocytes
have evolved to express a complex array of AMPs and
chemokines to provide effective innate immune responses
to viral invasion.
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