
Vaccinia virus decreases major histocompatibility complex (MHC)
class II antigen presentation, T-cell priming, and peptide

association with MHC class II

Introduction

Poxviruses are large, double-stranded DNA viruses

(�200 kb) that replicate in the cytoplasm of host cells.1

Poxviruses have a world-wide distribution and are highly

successful pathogens, infecting a tremendous variety of ani-

mals including insects, reptiles, birds and mammals. The

most infamous member of Family Poxviridae is smallpox,

which is estimated to have caused 500 million human

deaths in the 1900s before its eradication from nature.2 The

eradication of smallpox was achieved by the most successful

vaccination campaign in history using a related virus,

vaccinia virus (VACV). Today there remain multiple

poxvirus threats to humans, including the use of smallpox

as a bio-terrorism weapon in a now largely unvaccinated

population. New poxviruses are identified each year in ani-

mal populations, and several zoonotic poxviruses appear to

be emerging world-wide: Cantagalo in South America,3

Tanapox in Africa, Europe and the USA,4,5 and buffalopox

in India.6 Molluscum contagiosum virus causes wart-like

lesions, occurs commonly,7 is now emerging as a sexually

transmitted disease, and accounts for approximately

300 000 doctor visits each year in the USA.8 The most dan-

gerous poxvirus extant today is monkeypox virus, which

causes a smallpox-like illness in humans, is endemic to

Africa, and caused an outbreak in humans in the USA in
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Summary

Vaccinia virus (VACV) is the current live virus vaccine used to protect

humans against smallpox and monkeypox, but its use is contraindicated

in several populations because of its virulence. It is therefore important

to elucidate the immune evasion mechanisms of VACV. We found that

VACV infection of antigen-presenting cells (APCs) significantly decreased

major histocompatibility complex (MHC) II antigen presentation and

decreased synthesis of 13 chemokines and cytokines, suggesting a potent

viral mechanism for immune evasion. In these model systems, responding

T cells were not directly affected by virus, indicating that VACV directly

affects the APC. VACV significantly decreased nitric oxide production by

peritoneal exudate cells and the RAW macrophage cell line in response to

lipopolysaccharide (LPS) and interferon (IFN)-c, decreased class II MHC

expression on APCs, and induced apoptosis in macrophages and dendritic

cells. However, VACV decreased antigen presentation by 1153 B cells

without apparent apoptosis induction, indicating that VACV differentially

affects B lymphocytes and other APCs. We show that the key mechanism

of VACV inhibition of antigen presentation may be its reduction of anti-

genic peptide loaded into the cleft of MHC class II molecules. These data

indicate that VACV evades the host immune response by impairing

critical functions of the APC.

Keywords: antigen presentation; apoptosis; cytokine; macrophage; major

histocompatibility complex; poxvirus; vaccinia

Abbreviations: GPMBP, guinea pig myelin basic protein; HEL, hen egg lysozyme; hpi, hours post infection; MTS, 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; PEC, peritoneal exudate cells;
PMS, phenazine methosulphate; VACV, vaccinia virus; WR, Western Reserve.
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2003.9 Studying the immune evasion tactics of this virus

family will shed light on how these viruses evolved into

such successful pathogens.

While VACV is used as a live virus vaccine, it can also

be pathogenic. In a report on almost 39 000 volunteers

vaccinated as first responders, it was found that 1 of every

450 vaccinees had to be hospitalized because of adverse

vaccine reactions and that 1 death occurred per 13 000

vaccinations.10 Vaccination is contraindicated for individ-

uals with any history of eczema or immunodeficiency

disorders because fatalities may occur. Otherwise-healthy

individuals can acquire a disseminated poxvirus rash,

myopericarditis, and rarely fatal encephalitis from vacci-

nation.10–13 Understanding viral evasion mechanisms will

aid in developing safer vaccines.

For healthy individuals, an effective immune response

limits viral replication of the less pathogenic poxviruses.

However, poxviruses encode a plethora of immunomodu-

latory proteins, including proteins that block apoptosis,

chemokine and cytokine binding and synthesis, and cell

signalling.14–16 In addition, poxviruses directly

infect human and rodent immune cells both in vivo and

in vitro, including lymphocytes, natural killer (NK) cells,

and monocytes/macrophages17,18 and have been shown to

decrease antigen presentation in several types of antigen-

presenting cell (APC).19,20 We wanted to further explore

the effects of VACV on antigen presentation interactions

between APCs and the responding T cells and were espe-

cially interested to study primary APCs responding to an

inflammatory stimulus, as this has not been previously

studied. We chose to use rat peritoneal macrophages elic-

ited by injection of killed Corynebacterium parvum to

study how virus interacts with primary APCs that would

be recruited to a site of infection/inflammation.21,22 Also,

we were interested to explore how VACV interacts with

the rat immune system, as rats are a natural reservoir for

orthopoxviruses and can transmit them to primates.9,23

While the natural host of VACV is unknown, several or-

thopoxviruses spread naturally in rodents, including

rats.9,23 Here we describe the effects of VACV on a major

histocompatibility complex (MHC) class II restricted

antigen presentation system in which rat macrophages

present a peptide of myelin basic protein to cognate anti-

gen-specific CD4+ T lymphocytes.24,25 CD4+ T cells are

crucial for viral clearance in poxvirus infection.26,27 In

addition, we explore viral effects on T and B lympho-

cytes, dendritic cells and macrophage lines. Our data

indicate that VACV infection rapidly disables various

APCs by affecting relevant cell surface proteins, and in

some cases inducing apoptosis of APCs, thus blocking

downstream T-cell activation events and cytokine produc-

tion. Further, our data indicate that the mechanism of

immune interference is not necessarily apoptosis-depen-

dent as has been previously suggested,28 but rather VACV

blocks presentation of antigenic peptides in MHC class II

molecules.

Materials and methods

Cells and virus

VACV Western Reserve (WR) stocks were propagated

using BS-C-1 cells as previously described.29 For titra-

tions of VACV, BS-C-1 monolayers were fixed and

stained with 0�1% crystal violet in 20% ethanol. All

cells were grown in media containing 10% fetal bovine

serum. CD4+ RsL.11 T-cell clones were derived and

maintained as previously described.24 CTLL-2 cells

[ATCC # TIB-214; American Type Culture Collection

(ATCC), Rockville, MD] were maintained in RPMI

supplemented with 0�4% interleukin (IL)-2.24 RAW

264�7 (ATCC # TIB-71), a mouse macrophage cell line,

was maintained in Dulbecco’s modified Eagle’s minimal

essential medium (DMEM). The mouse B-cell line 1153

and the T-cell hybridoma B04 (HEL74–88 specific) (kind

gifts from Janice Blum, University of Indiana School of

Medicine, Indianapolis, IN) were maintained in

RPMI.19

Peritoneal macrophage isolation and antigen
presentation assays

Lewis rats (bred and maintained at the Association for

Assessment and Accreditation of Laboratory Animal Care-

certified Brody School of Medicine animal care facility at

East Carolina University) were injected intraperitoneally

with 200 lg of inactivated C. parvum in 5 ml of Hanks’

balanced salt solution (HBSS). Two to three days later,

the rats were killed and peritoneal exudate cells (PECs)

were harvested by washing the peritoneum in cold HBSS.

PECs were washed, infected for 5 hr, and placed into

96-well plates. PECs were incubated in quadruplicate with

50–500 nM guinea pig myelin basic protein (GPMBP) for

30 min, followed by addition of 25 000 Lewis rat CD4+

RsL.11 clones specific for GPMBP. For experiments

involving 1153 B cells, 25 000 B cells (I-Ab) were infected

for 6 hr. Cells were then plated in a 96-well format and

incubated with varying concentrations of the antigen

HEL74–88 (a gift from Janice Blum) for 1 hr.19 Then

25 000 B04 T cells specific for the HEL74–88 peptide in

the context of I-Ab were added to each well. The antigen

presentation plates were incubated for 15–48 hr at 37�
and 5�0% CO2. After incubation, 50 ll of supernatants

was transferred into an empty 96-well plate and frozen

for the following assays. All animal experiments were in

compliance with East Carolina University Animal Care

and Use committee (K139) and National Institutes of

Health (NIH) guidelines.
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Bone marrow-derived dendritic cells

Rat bone marrow was harvested from the femur and tibia.

The cells were placed in RPMI supplemented with 10%

fetal bovine serum, 1% L-glutamine, 1% penicillin–

streptomycin, and 0�1% granulocyte–macrophage colony-

stimulating factor (GM-CSF)-containing baculovirus

supernatant. After 3 days of culture, the culture medium

was removed and replaced with fresh culture medium.

On day 7, the dendritic cells were collected and used for

the antigen presentation assay and fluorescence-activated

cell sorter (FACS) analysis.

CTLL IL-2 bioassay

IL-2 was measured using previously described methods.24

Briefly, 10 000 CTLL clones (quadruplicate) were washed,

re-suspended in RPMI, and added to the collected

supernatants. The plates were incubated for 48 hr at 37�
and 5�0% CO2, followed by the addition of 10 ll of 3-

(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulphophenyl)-2H-tetrazolium, inner salt/phenazine

methosulphate (MTS/PMS) [2�0 mg/ml MTS; Promega

(Madison, WI) and 0�1 mg/ml PMS; Sigma, St Louis,

MO] to measure cell proliferation.30 The absorbance was

read at 24, 48 and 72 hr post MTS at 492 nm filtered,

and 690 nm reference. Medium only was used to define

the background control level and known IL-2-containing

supernatants were used as a positive control.

Nitric oxide (NO) measurement

Griess reagent (50 ll; 1% sulphanilamide +0�1% N-[1-

naphthy]ethylenediamine in 2�5% phosphoric acid) was

added to 50 ll of the quadruplicate harvested super-

natants. The absorbance was read at 540 nm after a

5-min incubation at room temperature.31

Measurement of cytokines

Fifty microlitres of the harvested supernatants (triplicate)

was analysed using the LincoPlex 24 rat cytokine/chemoki-

ne luminex bead immunoassay kit according to the manu-

facturer’s instructions (Linco Research, Billerica, MA). The

supernatants were incubated with a panel of anti-cytokine

antibodies (Abs) immobilized on Luminex beads (Bio-Rad

Laboratories, Hercules, CA). The following cytokines were

analysed: IL-1a, IL-1b, IL-2, IL-6, IL-18, macrophage

inflammatory protein (MIP)-1a, GM-CSF, interferon

(IFN)-a, growth regulated oncogene alpha/keratinocyte

attractant (GRO/KC), RANTES, tumour necrosis factor

(TNF)-a, monocyte chemotactic protein (MCP)-1, eotaxin,

granulocyte colony-stimulating factor (G-CSF), IL-4, IL-9,

IL-13, IL-5 and IL-10. Samples were run according to the

manufacturer’s instructions (Bio-Rad) and analysed on the

BioPlex protein array reader (Bio-Rad) in the Duke

University Human Vaccine Institute Immune Reconstitu-

tion Core Facility (Durham, NC).

RsL.11 stimulation assay

CD4+ RsL.11 T lymphocytes were washed and re-sus-

pended in RPMI. The cells were infected with VACV WR

for 3–4 hr, plated in tripliciate in a 96-well format, and

stimulated with PEC/50 nM GPMBP, 25 lg/ml Con A

(Sigma), or 100 nM phorbol 12-myristate 13-acetate

(PMA)/2 lM ionomycin (Sigma). The plates were incu-

bated at 37� and 5% CO2. A volume of 50 ll of the

harvested supernatants was collected at 20 and 40 hr and

assayed for IL-2 using the CTLL bioassay already

described.

Metabolism assays

PEC and 1153 B cells were infected with VACV [multi-

plicity of infection (MOI) of 2 and 5, respectively]. Total

cellular metabolism was measured by the addition of

10 ll of MTS/PMS30 4–24 hours post infection (hpi), and

analysed similarly to the method described above for the

CTLL IL-2 Bioassay. Absorbance was read at 492 nm at

various times post infection.

Flow cytometry

Cells were infected with VACV WR for 4 hr and then

washed in FACS buffer [phosphate-buffered saline (PBS)

containing 0�1% heat-inactivated fetal bovine serum

(FBS) and 0�1% sodium azide]. Then 3 · 105 cells were

stained with an anti-MHC II concentrated supernatant

(Y3P, AF6120 and MKS4) or OX1 anti-CD45 for 1 hr on

ice, washed once, and then incubated with fluorescein iso-

thiocyanate (FITC)-conjugated goat anti-mouse immuno-

globulin G (IgG) (Southern Biotech, Birmingham, AL).

MHC II expression was measured using a FACScan (Bec-

ton Dickinson, Franklin Lakes, NJ) equipped with the

CELL QUEST software (Becton Dickinson). For apoptosis

measurement, cells were infected and then stained with

annexinV-FITC/propidium iodide (PI) (BD Pharmingen,

Franklin Lakes, NJ) per the manufacturer’s instructions.

One-step growth curve

A one-step growth curve was obtained to measure viral

replication in permissive cells and PEC as previously

described.29

Statistical analysis

Experiments were repeated three times and representative

data with standard deviation bars are shown. A two-tailed
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Student’s t-test was used to compare uninfected with

VACV-infected groups. P-values < 0�05 were considered

significant.

Peptide MHC association

The Y-Ae antibody specifically detects a complex of peptide

52–68 from I-Ed MHC class II bound in the cleft of MHC

class II I-Ab.32,33 This complex is formed in mice that

express both alleles. Spleens were harvested from B10.A-

H2^i5 H2-T18^a/(5R)SgSnJ mice (Jackson Laboratories,

Bar Harbor, ME); C57Bl/6 mice were used as a negative

control. Unfractionated splenocytes were infected with

purified virus for 3 hr (MOI = 10) and then incubated

with biotin-conjugated Y-Ae (eBioscience, San Diego, CA).

Cells were washed and incubated with streptavidin-R-phy-

coerythrin (Southern Biotech). Samples were analysed

using a FACScan equipped with CELL QUEST software.

Results

VACV decreases IL-2 production

As antigen presentation is the seminal event triggering an

adaptive immune response, we wanted to assess the

effects of VACV infection on this pivotal point of the

immune response using primary cells recruited to a site

of inflammation. PECs were harvested from rats, infected

with VACV, and pulsed with a model antigen (MBP).

Various numbers of infected cells were then incubated

with cognate CD4+ T cells. In order to measure antigen

presentation responses, supernatant IL-2 was measured.

VACV infection significantly (Student’s t-test P < 0�05)

reduced IL-2 production by T cells 15–48 hpi (Fig. 1a).

VACV also significantly decreased IL-2 production using

rat splenocytes (Fig. 1b), dendritic cells (Fig. 1c), and

PECs that had been rested overnight prior to infection
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Figure 1. Vaccinia virus (VACV) infection of primary antigen-presenting cells (APCs) inhibits the amount of interleukin (IL)-2 produced by

cognate CD4+ T cells and the amount of nitric oxide (NO) produced by the APCs. Freshly isolated peritoneal exudate cells (PECs) (a), spleno-

cytes (b) or dendritic cells (c) were isolated from a rat, infected with VACV Western Reserve [multiplicity of infection (MOI) = 2] for 5 hr,

pulsed for 30 min with 50 nm guinea pig myelin basic protein (GPMBP), and then incubated with the cognate CD4+ RsL.11 T-cell line. Unin-

fected PECs served as a control. At 15 to 48 hpi, supernatants (50 ll) were collected and assayed for either IL-2 using the IL-2-dependent cell line

CTLL (a–c) or for NO using Greiss reagent (d). For the CTLL bioassay, medium only was used to define the background control level and

known IL-2-containing supernatants were used as a positive control. Proliferation was read as absorbance at 492 nm. IL-2 production was deter-

mined as the mean optical density (OD) value of the experimental group minus the background control level. *P < 0�05.
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(not shown) as APCs. In the absence of antigen or either

cell type, no IL-2 was produced. Together, these data

indicated that VACV significantly decreased the amount

of IL-2 that is produced by CD4+ T lymphocytes.

VACV decreases NO response

During antigen presentation, both the T lymphocyte and

the APC become activated, and macrophages are stimu-

lated to produce NO,34 an important antiviral defence.

Using the same antigen presentation system described

above, supernatants were assayed for the production of

NO. Uninfected PECs produced increasing amounts of

NO with increasing numbers of APCs (Fig. 1d), while

VACV-infected PECs were markedly impaired in their

ability to secrete NO. NO was not produced in the

absence of antigen or either cell type (data not shown),

indicating that this is a specific antigen presentation

response. These results indicated that both T lymphocyte

and macrophage responses were suppressed by VACV.

RsL.11 T cells are refractory to VACV

We next sought to determine which cell type was being

directly affected by VACV in this antigen presentation

system. While we intentionally incubated VACV with APCs

(macrophages, splenocytes and dendritic cells) prior to

addition of T cells, the RsL.11 T cells could have become

infected during co-incubation with the infected APCs. To

assess the effects of virus infection on IL-2 production by

the RsL.11, RsL.11 T cells were incubated in triplicate with

VACV for 3 hr, washed, and then incubated with a titration

of uninfected PECs pulsed with antigen, similar to the

above-described experiments. As shown in Fig. 2a, VACV

did not significantly decrease IL-2 production when prein-

cubated with T cells. We also assessed the effect of VACV

infection on RsL.11 responses to mitogenic and chemical

stimulation. RsL.11 T cells were incubated with VACV for

4 hr, and then stimulated for 24 to 48 hr with Con A, PMA

and ionomycin, or uninfected antigen (Ag)-pulsed PECs.

VACV did not significantly decrease IL-2 production by

RsL.11 T cells in response to any of these stimuli (Fig. 2b).

Control groups included the stimulants in medium with no

RsL.11 T cells and did not give readings above background

in the IL-2 bioassay. These data suggest that RsL.11 IL-2

synthesis and secretion are not affected by VACV.

To determine whether RsL.11 T cells could be affected

by VACV, we also measured cellular proliferation after

incubation with virus. RsL.11 T cells were incubated with

VACV for 10 hr, and then MTS was added to measure
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Figure 2. Vaccinia virus (VACV) effects on antigen presentation are not attributable to a decreased capacity of the RsL.11 T cell to produce

interleukin (IL)-2 or the CTLL to respond to IL-2. (a) RsL.11 T cells were infected with WR [multiplicity of infection (MOI) = 4] for 4 hr and

then incubated with decreasing numbers of antigen (Ag)-pulsed peritoneal exudate cells (PECs). After 24–48 hr, supernatants (50 ll) were col-

lected and assayed for IL-2 production using the CTLL IL-2 bioassay. (b) RsL.11 T lymphocytes were uninfected or infected for 3–4 hr

(dark bars) and then stimulated with PECs/50 nm GPMBP, 25 lg/ml Con A, or 100 nm PMA/2 lm ionomycin. Supernatants (50 ll) were col-

lected at 20 and 40 hr and assayed for IL-2. (c) RsL.11 T cells were infected with VACV for 10 hr, and growth metabolism was measured by

reduction of 10 ll of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium, inner salt/phenazine metho-

sulphate (MTS/PMS); absorbance at 492 nm. (d) CTLL cells were infected with VACV (MOI = 5) for 4 hr and then placed in media with

varying amounts of an IL-2-containing supernatant. Proliferation was measured by adding 10 ll of MTS/PMS.
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metabolism. VACV did not significantly affect the RsL.11

T cell metabolism up to 64 hpi (Fig. 2c). These data sug-

gest that RsL.11 T cells are completely refractory to

VACV. We therefore incubated RsL.11 T cells with infec-

tious virus and compared progeny virus production with

that in a known permissive cell line, BS-C-1. After 72 hr,

a 100-fold increase in virus was measurable in infected

BS-C-1 cells, but no increase in virus could be detected in

cells or supernatants of RsL.11 T cells, indicating that

they are non-permissive for VACV infection (data not

shown). Thus, there is no evidence that these cells even

become infected under these conditions.

CTLLs and VACV infection

As CTLL cells were used to measure IL-2 in supernatants,

it was also possible that VACV might be affecting the

ability of the CTLL to proliferate in response to IL-2. To

assess virus effects on CTLL, we incubated the CTLL cells

with VACV for 5 hr and then measured proliferation in

response to IL-2-containing supernatants.25 The addition

of IL-2 to the medium increased the metabolism/prolifer-

ation of the uninfected CTLLs over the proliferation of

CTLLs incubated with no IL-2 (Fig. 2d), and VACV did

not significantly reduce this response. As the amount of

virus used in this experiment was four times higher than

levels contained in supernatants from antigen presenta-

tion assays, it is unlikely that VACV affected CTLL

responses to IL-2 in the antigen presentation assay.

Together, these data suggest that VACV acts directly on

the APCs, not the T cells used in these assays.

Antigen concentration

As the T lymphocytes in these assays were minimally

affected by VACV infection, we theorized that the APCs

were being affected by VACV and that increasing antigen

concentrations might overcome the VACV-induced

decrease in antigen presentation capacity. In infected

PECs presenting antigen to RsL.11 T cells (similar to

experiments depicted in Fig. 1), a titration of GPMBP

antigen (50–250 nM) showed that higher antigen concen-

trations augmented the weak antigen-presenting capacity

of infected APCs (Fig. 3). In contrast, increasing antigen

in this concentration range did not significantly enhance

the efficiency of uninfected APCs to stimulate IL-2 pro-

duction.

B-cell antigen presentation

We next determined if VACV affects antigen presentation

by a murine B-cell line. The mouse 1153 B-cell line pre-

sents the HEL74–88 peptide to the CD4+ B04 T-cell line.19

1153 B cells were infected for 6 hr, incubated with vary-

ing concentrations of the HEL74–88 peptide, and then

incubated with the cognate B04 T-cell line. The presence
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then pulsed with the HEL74-88 antigen for 1 hr, followed by the

addition of 25 000 B04 T cells. After a 24- to 48-hr incubation, super-

natants (50 ll) were collected and assayed for IL-2 using the CTLL
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dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-

2H-tetrazolium, inner salt/phenazine methosulphate (MTS/PMS) was

then added to measure metabolism. *P < 0.01.
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of VACV significantly suppressed B-cell antigen presenta-

tion (IL-2 production; Fig. 4a) (Student’s t-test,

P < 0�01). To assess viral effects on the B04 T cells, T

cells were incubated with virus for 24 hr, at which time

MTS was added in order to measure metabolism. VACV

did not affect the proliferation/metabolism of the B04 T

cells up to 70 hpi (Fig. 4b), suggesting that the T cells

were also not directly affected by VACV in this antigen

presentation system. These data indicate that VACV

blocks antigen presentation of multiple antigens presented

by various APCs from both rats and mice.

VACV inhibits NO production from PECs and RAW
macrophages

In order to study VACV regulation of isolated APCs, we

used lipopolysaccharide (LPS) and interferon (IFN)-c to

stimulate PECs and the RAW 264�7 murine macrophage

cell line.35 PECs and RAW cells were infected for 4 hr

and stimulated with LPS, IFN-c, or both, and super-

natants were assayed for NO. All stimuli induced NO

production in uninfected PECs and RAW cells; however,

this induction was significantly (Student’s t-test,

P < 0�05), and in some cases completely, blocked by

VACV infection (Fig. 5). These data suggest that macro-

phages are highly sensitive to VACV infection.
VACV infection globally alters cytokine responses in
antigen presentation

As the result of antigen presentation, both the APC and

the responding T cell produce numerous cytokines initiat-

ing the specific immune response. As VACV inhibited the

amount of both IL-2 and NO produced in this rat model

of antigen presentation, we assessed the effect of VACV

on synthesis of other cytokines and chemokines. Using a

multiplex bead-based assay, we determined that VACV

reproducibly and significantly (P < 0�05) inhibited the

production of MIP-1a, IL-1b, IL-1a, IL-2, IFN-a, GRO/

KC, RANTES, TNF-a and MCP-1 (Fig. 6) in response to

PEC antigen presentation to RsL.11 T cells. These data

confirm the IL-2 bioassay results in Fig. 1. In addition,

VACV decreased the secretion of IL-6 and GM-CSF; how-

ever, the reduction was not always significant. Interest-

ingly, VACV infection did not inhibit IL-18 production.

VACV decreases MHC class II expression

Because VACV infection decreased MHC class II-medi-

ated antigen presentation, we assessed the effects of

VACV on the expression of MHC II molecules on the

surface of PECs. PECs were infected for 4 hr, and MHC

II expression was measured by flow cytometry. In three

experiments, VACV mildly decreased MHC class II sur-

face expression. For example, compared with uninfected

PECs, VACV decreased the percentage of high-expressing

MHC II-positive cells from 47% to 37% [Fig. 7; mean
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fluorescence intensity (MFI) 26 ± 0�3 versus 19�7 ± 1�8].

We also assessed the ability of VACV to inhibit MHC II

expression in 1153 B cells. 1153 B cells were infected and

MHC II expression was measured as above. In uninfected

1153 B cells, 38% expressed high levels of MHC II, while

only 15% of VACV-infected B cells were class II bright

(MFI 144 ± 13�4, versus 76 ± 2�8). These data indicated

that VACV decreases MHC II expression on APCs soon

after infection. In the same experiments, VACV infection

did not decrease CD45RO expression, indicating that the

reduction observed was specific and not just a conse-

quence of general membrane protein perturbation caused

by viral infection.

VACV induces apoptosis in PECs and RAW
macrophages

Because VACV infection blocked PEC responses, we

assessed the effects of VACV on the viability of the PECs.

PECs were infected with VACV in triplicate, and total cel-

lular metabolism was measured through the reduction of

MTS. Differences in metabolism between the groups

became apparent 24 hpi (Fig. 8a), suggesting that the

virus is killing cells. However, VACV infection had only a

minor effect on 1153 B cells (Fig. 8b), even 100 hpi. We

therefore measured the ability of VACV to induce apop-

tosis in these cells using PI and annexin. It was previously

reported that VACV induces apoptosis of the murine

macrophage J774 cell line.36 VACV infection increased

early apoptotic cell percentages in PECs from 16% to

42% and in the RAW 264�7 macrophage line from 14%
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to 53% (Fig. 9) at 4 hpi. VACV induced apoptosis simi-

larly in rat bone marrow-derived dendritic cells and

mouse splenic dendritic cells (data not shown). However,

using similar assays we could not detect VACV induction

of apoptosis in three experiments in the 1153 B-cell line

(Fig. 9) from 6 to 24 hpi, even though VACV also sup-

pressed antigen presentation by this line.

Viral replication

Induction of apoptosis in virally infected cells is one host

defence against viral replication, and VACV has been

reported to induce apoptosis in macrophages and dendritic

cells.36,37 We therefore determined the ability of VACV to

replicate in PECs compared with BS-C-1 cells, which are

permissive for viral replication. Figure 10 shows that VACV

WR was able to increase infectious virus particles 2-logs by

30 hpi in BS-C-1 cells, but no replication was apparent in

PECs at 10, 20 or 30 hpi. Thus VACV may induce apopto-

sis in professional APCs and block their function, but the

virus also sacrifices the ability to replicate in the cells.

Peptide association with MHC class II

One level of immune regulation, both in homeostasis and

infection, lies in controlling the association of peptides with

the MHC molecules that present them.38 As VACV inhibits

antigen presentation, but only modestly affects class II

MHC expression, we tested the effect of VACV on peptide

loading in the MHC class II molecule employing the Y-Ae

antibody. The Y-Ae antibody specifically detects a complex

of peptide 52–68 from I-Ed MHC class II bound in the cleft

of MHC class II I-Ab.32,33 MHC class II molecules fre-

quently present self peptides from surface proteins that
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recirculate through endosomes and are degraded, similarly

to exogenous antigens that are internalized. The Y-Ae anti-

body recognizes a major determinant (approximately 12%

of MHC molecules) in mice expressing both of these class

II molecules.33,39 We measured the amount of peptide

bound in the cleft of the MHC class II molecule on the sur-

face of uninfected and VACV-infected spleen cells. As

Fig. 11 shows, 63% of uninfected cells expressed MHC class

II molecules complexed with this I-E peptide, while only

30% of VACV-infected cells were positive at 3 hpi (MFI

78�2 ± 9�6 for uninfected cells compared with 38 ± 2�8 for

VACV-infected cells). In contrast, surface MHC class II

I-Ab levels were only modestly reduced (Fig. 11). These

data indicate that VACV interferes intracellularly with the

expression of surface proteins required for antigen presen-

tation and specifically blocks expression of peptide-loaded

MHC class II.

Discussion

We have shown here that VACV blocks class II MHC anti-

gen presentation by primary rodent cells, including unfrac-

tionated splenocytes, PECs and dendritic cells, and by a B-

cell line. This probably represents an evolved immune eva-

sion mechanism that is advantageous to the virus even

though the virus sacrifices the ability to replicate progeny

virions in APCs. Responses to antigen presentation of both

CD4+ T lymphocytes and the APCs are inhibited (Fig. 1)

and this has the overall effect of limiting downstream cyto-

kine and chemokine production (Fig. 6) and presumably

multiple aspects of the antiviral immune response. Nota-

bly, many of the cytokines that are regulated by VACV are

chemotactic factors (MIP-1a, IL-1, TNF-a, GRO/KC, RAN-

TES and MCP-1), which aid in the migration of immune

response cells to sites of inflammation and infection.

We have found the T lymphocytes used here to be refrac-

tory to virus effects, with VACV directly affecting the

APCs. It has been reported in humans that VACV preferen-

tially infects subsets of CD14+ cells, B cells to a lesser

extent, and only activated primary T cells.40 Our results are

similar to work recently published showing that VACV

decreases MHC class II antigen presentation in B-cell,

fibroblast and macrophage cell lines, as well as primary

immature dendritic cells.19 Antigen-presenting capacity

could be partly restored in our studies by increasing the

amount of antigen, suggesting that some process of antigen

uptake or processing or presentation is blocked. Data from

the Blum laboratory indicate that intracellular antigen is

not the limiting factor.19 We found that VACV alters class

II MHC expression in APCs within a few hours after infec-

tion. This may simply be a consequence of apoptosis

induction as we and others have shown that VACV induces

apoptosis in human and rodent macrophages and dendritic

cells.36,37 Other groups have shown a decrease in CD86 and

MHC class II on human dendritic cells correlating with

apoptosis induction and reduced ability to present anti-

gen.28,41 VACV modulation of class II MHC has been con-

troversial. Other groups have shown VACV-induced

increases in MHC class II, but with inhibition of matura-

tion-induced MHC class II, class I, CD86 and CD80.42

Some differences may be attributable to the type of prepa-

ration of virus used to infect APCs, as the ‘crude’ virus

preparation normally used for infections is a cell lysate,

which can act as an inflammatory stimulus. Another group

recently reported that VACV decreased MHC II-restricted

antigen presentation by specifically inhibiting the expres-

sion of surface MHC class II on splenic dendritic cells iso-

lated from VACV-infected mice.20 We did not measure the

amount or stability of MHC class II proteins in our studies

because other laboratories have shown that the amount of

MHC protein is not directly related to its functional surface

expression. For example, peptide–MHC complexes can be

inhibited with no decrease in the amount of MHC class II

proteins in cells,19 and MHC class II mRNA levels can be

decreased with no decrease in MHC class II surface expres-

sion.20 In summary, there is growing evidence to indicate

that VACV modulates MHC class II-restricted antigen pre-

sentation by specifically affecting functions of the APC.

Interestingly, the inhibition of antigen presentation

appears distinct for professional APCs and the 1153 B-cell
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line. Class II MHC expression was reduced in this B-cell

line, but, unlike in other APCs, apoptosis was not detected.

This suggests that VACV may decrease class II even in the

absence of apoptosis induction. Importantly, we have

shown that VACV strongly reduced the amount of peptide

in the cleft of MHC class II molecules on infected primary

APCs by flow cytometry. These data are supported by a

study in a human B-cell line where VACV infection

decreased peptide association with MHC class II measured

by western blot.19 As this effect is demonstrable with differ-

ent antigens in different cells, it is likely that this is a key

mechanism used by VACV to suppress immune responses.

How this occurs is currently under investigation.

We do not believe that VACV simply reduces antigen

presentation because it kills infected cells. First, we show in

Fig. 3 that increasing antigen concentrations restore anti-

gen-presenting capacity in VACV-infected cells, suggesting

that the cells are not dead, but rather disabled in terms of

antigen presentation. In Fig. 8, we show that differences in

the metabolism of APCs are not seen until almost 24 hpi,

but that VACV reduces the surface expression of MHC class

II and the amount of peptide in its cleft by 5 hpi, and the

antigen presentation-induced T-cell responses have been

diminished by 15 hpi of APC. In addition, VACV does not

induce apoptosis in 1153 B cells, but still blocks their anti-

gen-presenting capacity and MHC class II expression

(Figs 4 and 7). Together these data suggest a specific

VACV-induced inhibition of antigen presentation.

We studied antigen presentation in rodent cells. As

most extant poxviruses have evolved a broad host range,

the immunomodulatory mechanisms appear to be con-

served and functional in a number of host species. For

example, rats are a natural host for cowpox virus and can

transmit it to primates, as demonstrated by a recent out-

break in a primate colony in Europe with widespread

fatalities.23,43 Most VACV APC work has been undertaken

in the mouse model; our results show that VACV blocks

antigen presentation and T-cell priming in a rodent

known to transmit orthopoxviruses to primates.

VACV caused an apparent broad decrease in post-anti-

gen presentation cytokine production. The notable excep-

tion to VACV inhibition was IL-18. IL-18 is stored

intracellularly as pro-IL-18 and rapidly released upon stim-

ulation.44 As IL-18 is an important factor in the induction

of antiviral IFN-c production, its storage for rapid release

may be an evolved host mechanism to contravene

immunomodulation by viral gene products. The impor-

tance of this cytokine in antiviral defence is underscored by

the possession of an IL-18-binding protein encoded by

poxviruses.45 VACV produces several soluble cytokine-

binding proteins that may interfere with detection of these

cytokines if, and only if, they block binding of the detection

antibody. However, because there is a general decrease in

cytokine production it seems unlikely that the decrease

would be caused by VACV-specific binding proteins.

VACV rapidly decreases antigen-presenting capacity,

alters expression of class II MHC and induces apoptosis

in multiple APC types, including peritoneal macrophages

responding to inflammatory stimuli. These data expand

our knowledge of viral interference mechanisms and sup-

pression of immunity that contribute to poxvirus patho-

genesis; however, the viral gene products involved in this

inhibition and the intracellular mechanisms remain to be

elucidated. An increased understanding of poxviral patho-

genesis will aid in the development of antiviral drugs and

novel tailored vaccine strains, which exclude immuno-

suppressive poxviral genes, but which retain and

efficiently express the protective antigenic target epitopes

that stimulate the immune system.
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