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Venezuelan equine encephalitis virus (VEEV) is a highly infectious alphavirus endemic in parts of Central
and South America. The disease is transmitted by mosquitoes, and the natural reservoir is the small rodent
population, with epidemics occurring in horses and occasionally humans. Following infection, VEEV replicates
in lymphoid tissues prior to invasion of the central nervous system. Treatment of VEEV-infected BALB/c mice
with polyethylene glycol-conjugated alpha interferon (PEG IFN-a) results in a greatly enhanced survival from
either a subcutaneous or an aerosol infection. Virus is undetectable within PEG IFN-a-treated individuals by
day 30 postinfection (p.i.). Treatment results in a number of changes to the immune response characteristics
normally associated with VEEV infection. Increased macrophage activation occurs in PEG IFN-a-treated
BALB/c mice infected with VEEV. The rapid activation of splenic CD4, CD8, and B cells by day 2 p.i. normally
associated with VEEV infection is absent in PEG IFN-a-treated mice. The high tumor necrosis factor alpha
production by macrophages from untreated mice is greatly diminished in PEG IFN-a-treated mice. These
results suggest key immunological mechanisms targeted by this lethal alphavirus that can be modulated by
prolonged exposure to IFN-a.

Venezuelan equine encephalitis virus (VEEV), an Alphavirus
in the family Togaviridae, is an arthropod-borne virus found
throughout the Americas (25, 26). It is a single, positive-strand
RNA virus with a genome size of approximately 11 kb. Infec-
tion with a virulent epizootic strain of VEEV from the 1A/B
serogroup, like Trinidad Donkey (TrD), can cause an acute
febrile illness and encephalomyelitis in horses as well as hu-
mans. The animal reservoir of VEEV is in the small rodent
population, and outbreaks in humans often follow equine ep-
idemics (18). Natural VEEV transmission usually occurs via
the mosquito; however, the virus is also highly infectious when
aerosolized (18, 22).

The most commonly used laboratory model of VEEV patho-
genesis is the mouse, where infection via the subcutaneous or
airborne route results in an encephalitis that is almost invari-
ably fatal in as little as 5 to 7 days (17, 40). During the early
stages of a systemic infection in mice, VEEV is strikingly lym-
photrophic, with viral antigens detected by day 2 postinfection
(p.i.) in the local draining lymph nodes and spleens of infected
individuals (17, 40). Antigen-presenting cells have been iden-
tified as initial targets of infection, with dendritic cells (G. H.
MacDonald, N. L. Davis, and R. E. Johnston, Abstr. 16th
Annu. Meet. Am. Soc. Virol., p. 172, 1997) and macrophages
(13) expressing virus shortly after infection. Little more is
known about the early immune events following VEEV infec-
tion. A large increase in gamma interferon (IFN-g) and inter-
leukin-6 (IL-6) expression occurs in lymphoid tissue following
VEEV infection, while IL-12, IL-10, and tumor necrosis factor
alpha (TNF-a) expression is also upregulated (11). Extensive
necrosis, which is characterized by lymphocyte destruction and
an influx of polymorphonuclear leukocytes, occurs in the white
pulp of the spleen (17).

Immune response studies of VEEV infection have focused

mainly on the importance of vaccines or attenuated strains in
the generation of neutralizing antibodies in virus clearance
from the host (5, 10, 29). However, antibody-mediated immu-
nity is not necessarily the only mechanism of protection during
VEEV infection. Studies in which mice were treated with im-
mune spleen cell culture supernatant have suggested that pro-
tection against a lethal challenge of VEEV can be mediated by
IL-1 and IL-2 (15). Indeed, immune regulation by treatment
with exogenous cytokines has proved to be effective in treating
a variety of viral infections (2, 3). More importantly, antibody
ablation studies have revealed a crucial role for IFN-a/b in
immunity to VEEV, since disease is exacerbated in the absence
of IFN-a/b (11). However, studies using IFN-a/b have proved
unsuccessful in treating virulent VEEV (TrD) infection (34).

One solution to the ineffectiveness of conventional IFN-a
treatment during VEEV infection would be to increase its
bioavailability (and therefore its potency) within the host. We
have obtained a novel formulation of recombinant IFN-a A/D
that has had the polymer polyethylene glycol (PEG) chemically
attached to the protein. This straight-chain amphiphilic poly-
mer has been used to covalently modify several cytokines for a
variety of clinical uses. PEG IL-2 has been used to treat human
immunodeficiency virus-positive patients, as it exerts a pro-
longed immunostimulatory effect on patient CD41 cells at low
doses (30, 36). PEG TNF-a has also been used experimentally
to treat Meth-A murine sarcoma, where greater antitumor
potency of TNF-a than of unconjugated TNF-a was observed
due to longer plasma half-life and higher tumor accumulation
(38).

In this study we demonstrate that PEG IFN-a can prevent
disease in animals exposed to both subcutaneous and inhala-
tional challenge with VEEV (TrD). In addition, the use of flow
cytometry to examine the host response to VEEV infection has
allowed us to assess how PEG IFN-a treatment may mediate
protection. We examined changes in leukocyte activation state,
cytokine secretion, and viral antigen load in the splenic leuko-
cytes of PEG IFN-a-treated and control mice following a sub-
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cutaneous infection with the TrD strain of VEEV. VEEV
infection caused a massive overactivation of lymphocytes in
untreated individuals which was absent in PEG IFN-a-treated
mice. Expression of intracellular viral antigens seemed to be
restricted to the macrophage population in both treated and
untreated mice. Furthermore, we show that treatment with
PEG IFN-a prevents the excessive inflammatory immune re-
sponse to VEEV infection observed in untreated mice.

MATERIALS AND METHODS

Animals. Six- to eight-week-old female BALB/c mice were obtained from
Charles River and used for all experiments. During the initial mortality studies,
mice were culled as soon as they displayed terminal symptoms of VEEV infec-
tion, in other words, when the humane endpoint as defined by Wright and
Phillpotts (41) had been reached. For this model of virulent VEEV infection, the
humane endpoint for BALB/c mice was between days 6 and 7 p.i. As a result of
these initial studies, the latter experiments that focused on viral load and the
immune response to VEEV used time points in which mice would still be alive
and yet display terminal symptoms; these were days 2, 4, and 6 p.i. Blood samples
were taken by cardiac puncture under terminal anesthesia.

Virus and tissue preparation for assay. Stocks of virulent VEEV (TrD) were
kindly supplied by B. Shope, University of Texas Arbovirus Research Unit,
Austin, and prepared as suckling mouse brain suspensions by standard methods.
Virus was handled in vitro under Advisory Committee on Dangerous Pathogens
category 3 containment.

Five mice from each treatment group were humanely culled on each time point
(2, 4, and 6 p.i.). Spleen, lung, and brain tissues were passed through a metal
gauze and resuspended in 2 ml of Leibowitz L-15 maintenance medium (MM)
(Sigma) and stored at 280°C. Blood was collected into tubes containing 0.105 M
sodium citrate (Becton Dickinson, Oxford, United Kingdom) and also stored at
280°C.

Plaque assays were performed with BHK-21 cells, grown in Glasgow minimal
essential medium supplemented with 10% fetal calf serum (FCS) (all from
Sigma). Samples were diluted down a log dilution series from 1021 to 1026 in
L-15 MM and then plated onto BHK cells for plaque assay. The plaques were
allowed to develop for 3 days under an overlay of L-15 MM with 3% FCS and
1.5% carboxymethyl cellulose (Sigma) before formalin fixation and staining of
the residual cell sheet with crystal violet. Counts are expressed as PFU per
milliliter of spleen cell suspension. For each assay, the limit of virus detection was
5 to 10 PFU/ml of tissue suspension.

Cytokine preparation. Recombinant mouse IL-12 and PEG IFN-a A/D were
gifts from Roche Discovery (Welwyn Garden City, United Kingdom). Recom-
binant unconjugated IFN-a B/D was a gift from Ciba-Geigy (Basel, Switzerland).
IL-12 was diluted in 1% normal mouse serum (NMS) in Saline for Injection BP
(N-Saline; Fresenius, Basingstoke, United Kingdom) and given as single daily
doses of 100 ng of IL-12 i.p. on days 22 to 15 p.i. Unconjugated IFN-a B/D was
diluted to a concentration of 106 U/ml in 10% NMS in N-saline (Antigen Ltd.)
and given as single daily doses of 105 units intraperitoneally (i.p.). PEG IFN-a
A/D was diluted in 1% NMS in N-saline (Fresenius) and given as single daily
doses of 100 ml of PEG IFN-a containing 4 3 104 U given i.p. from days 22 to
15 p.i. In all experiments, negative control mice were given 1% NMS in N-saline
(Fresenius). Unfortunately, a medium containing a dose of PEG equivalent to
that in PEG IFN-a was not made available.

Subcutaneous challenge with VEEV (TrD). Groups of mice were challenged
subcutaneously with 25 median lethal doses (MLD) of TrD virus in 100 ml of
L-15 MM. Titration of this strain of VEEV in BALB/c mice showed that 1 MLD
was equivalent to 1 PFU of virus.

Inhalational challenge with VEEV (TrD). Infection by the airborne route was
achieved using a specially constructed small animal exposure box (27). Briefly, six
groups of five mice were exposed loose in a box of 80-liter capacity, vented
through a HEPA filter, to a virus-containing aerosol produced using a Collison
nebulizer (8 liters/min). The virus suspending fluid was L-15 MM with 2%
trehalose (Sigma), and the exposure time was 20 min. The air in the box was
sampled with a glass impinger running at 1 liter/min, and the quantity of virus
present in the Collison spray reservoir at the end of each run was determined by
back-titration. The high-challenge group received approximately 103 MLD (or
103 PFU) of airborne VEEV; the low-challenge group received approximately 10
MLD (or 101 PFU) of airborne VEEV.

Stimulation of cells for intracellular cytokine production. Single-cell suspen-
sions of spleen cells from each mouse were maintained in L-15 MM containing
2% heat-inactivated FCS, 50 U of penicillin-streptomycin/ml, 2 mM L-glutamine,
and 10 mM HEPES (all Sigma). Approximately 5 3 106 spleen cells were
transferred into individual wells (24-well plate) and incubated with a 1/100
dilution of b-propriolactone-inactivated VEEV (TrD) antigen in the presence of
5 ml of Golgistop (Becton Dickinson, Mountain View, Calif.) for 4 h at 37°C. The
VEEV antigen was prepared from a preinactivation stock with a VEEV (TrD)
concentration of approximately 109 PFU/ml, obtained from the brains of suckling
mice, and was a kind gift from R. Phillpotts (CBD). The spleen cells were then
washed and stained by fluorescent antibodies as described below.

Flow cytometry. Single-cell suspensions were harvested from the spleens of
BALB/c mice, and erythrocytes were removed by incubation at room tempera-
ture with a lysing solution containing 0.85% NH4Cl in autoclaved water for 3 to
4 min. Following washing, cells were resuspended in a staining buffer containing
2% FCS and 0.1% sodium azide (both from Sigma) in phosphate-buffered saline.
Cell surface markers were stained with a variety of monoclonal antibodies
(MAbs) including Cy-chrome-conjugated anti-CD4, -CD8, -CD45R/B220, and
-CD11b fluorescein isothiocyanate-conjugated anti-CD69 (all from PharMingen,
San Diego, Calif.) at 4°C in the dark for 30 min. Following fixation in 4%
paraformaldehyde, cells were incubated in a permeabilization buffer containing
2% FCS, 0.1% sodium azide (both from Sigma), and 1/10 dilution of Perm/Wash
buffer (PharMingen). Intracellular VEEV antigen was detected using a biotin-
ylated anti-VEEV E2 MAb (1A4A-1) (31) (a kind gift from J. T. Roehrig,
Centers for Disease Control and Prevention, Fort Collins, Colo.) followed by
incubation with phycoerythrin-streptavidin (Sigma). Intracellular cytokines were
detected using fluorescein isothiocyanate-conjugated anti-TNF-a MAb (PharM-
ingen). For flow cytometric analyses, 4 3 105 to 5 3 105 live cells (as determined
by forward and side scatter characteristics) were acquired in a FACScan and
analyzed using CellQuest software (both from Becton Dickinson).

Statistical analyses. The significance of mortality data between treatment
groups was assessed using Fisher’s exact test. Student’s t test was used to deter-
mine whether there was a significant difference between arithmetic means of
treatment group data.

RESULTS

Cytokine treatment for VEEV infection. VEEV is a lympho-
tropic virus and so should be susceptible to modulation of the
immune response by exogenous antiviral cytokines. However,
treatment of BALB/c mice with either IFN-a or IL-12 was
ineffective against a subcutaneous challenge of virulent VEEV,
with no significant difference (P . 0.05) in the time to death
between control animals and the different treatment groups
(Fig. 1) according to Student’s t test. Indeed, IL-12 treatment
seemed to make individuals more susceptible to VEEV infec-
tion, with mortality beginning as early as day 3 p.i. Since cyto-
kines that promote cell-mediated antiviral responses were in-
effective, treatment with cytokines that promote either the
humoral or innate parts of the immune system were used to
treat VEEV infection in a separate experiment. Both IL-4 and
granulocyte-macrophage colony-stimulating factor had no ef-

FIG. 1. Mortality in BALB/c mice given a subcutaneous infection with virus.
Groups of 15 mice were given 100 ml i.p. of either 2 3 105 U of IFN-a in 10%
NMS in N-saline (■), 100 ng of IL-12 in 1% NMS in N-saline (}), or just 1%
NMS in N-saline (Œ) on days 22 to 15 p.i. with ca. 25 MLD (25 PFU) of VEEV
in 100 ml of L-15 MM on day 0 p.i.
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fect on the outcome of VEEV infection (data not shown).
Taken together, these findings suggest that the primary im-
mune response to VEEV is unable to protect against VEEV
infection even in the presence of exogenous cytokines that
should boost the host immune response.

PEG IFN-a is an effective treatment against subcutaneous
and airborne challenge with VEEV. Conjugation of IFN-a to a
carrier molecule like PEG considerably increases the half-life
of IFN-a in the serum and therefore its effectiveness. BALB/c
mice were treated with either PEG IFN-a, IL-12, or a combi-
nation of the two cytokines during a subcutaneous challenge
with virulent VEEV. PEG IFN-a treatment alone provided
highly significant (P , 0.001) protection against 25 MLD of
VEEV, with over 75% of treated mice surviving to day 35 p.i.
(Fig. 2). Virus was undetectable by plaque assay in surviving
mice at day 30 p.i. (data not shown). Interestingly, combination
treatment with PEG IFN-a and IL-12 resulted in 100% mor-
tality by day 8 p.i., which indicates that IL-12 has a deleterious
effect on the antiviral action of PEG IFN-a. Comparison of
viremia in PEG IFN-a-treated and untreated BALB/c mice
showed that PEG IFN-a treatment was effective at preventing
viral replication in VEEV-infected individuals. No virus was
detectable in the blood, spleen, lung, or brain tissues of PEG
IFN-a-treated mice over the first 6 days p.i., while very high
viremias were observed in untreated mice over the same period
(Fig. 3).

The success of PEG IFN-a against systemic challenge sug-
gested that it may also protect against an aerosol infection with
VEEV. PEG IFN-a-treated and untreated BALB/c mice were
exposed to either a low (ca. 10 MLD) or a high (ca. 1,000
MLD) dose of virulent VEEV by aerosol. PEG IFN-a treat-
ment provided significant protection against aerosolized infec-
tion with VEEV, with 36% survivors in the high-challenge
group (P , 0.05) and 67% in the low-challenge group (P ,
0.001) according to Fisher’s exact test (Fig. 4). Although some
animals died, their survival was prolonged by an interval equiv-
alent to the length of the course of treatment. Comparison of

viremias in PEG IFN-a-treated and untreated BALB/c mice
given a high dose of VEEV demonstrated that PEG IFN-a
treatment reduced viral load in the blood, spleen, lung, and
brain over the first 6 days p.i. but that it did not eradicate the
virus (Fig. 5). This suggests that PEG IFN-a was able to sup-
press virus replication, but in some animals it was not sufficient
to eradicate VEEV. The high variance in viral load observed in
the tissues of PEG IFN-a-treated BALB/c mice (Fig. 5) can be
attributed to the variable survival of these mice when given a
high dose of aerosolized VEEV.

The immune response to VEEV in PEG IFN-a-treated and
untreated mice. Since the host immune system can be manip-
ulated by the addition of exogenous IFN-a to eradicate VEEV,
we performed further experiments to assess which cell types
were important in the response to VEEV infection. Population
changes among the splenic leukocytes of both PEG IFN-a-
treated and untreated BALB/c mice were studied using flow
cytometry during a subcutaneous challenge with virulent
VEEV.

First, expression of the very early activation marker (CD69)
over the first 6 days p.i. by both splenic lymphocytes and mac-
rophages was assessed in PEG IFN-a-treated and untreated
BALB/c mice (Fig. 6). In the CD41, CD81, and B-cell popu-
lations of untreated mice, CD69 expression increased rapidly
by day 2 p.i. so that over 80% of each type of lymphocyte was
activated in response to VEEV infection (Fig. 6A to C). How-
ever, by day 6 p.i., CD69 expression in these populations had
decreased gradually to between 10 to 15% of lymphocytes.
Similar results were observed in three separate experiments.
By contrast, in treated mice, there was no such dramatic in-
crease in CD69 expression among any of the lymphocyte pop-
ulations at any time over the course of VEEV infection, with
expression remaining relatively constant between 10 and 20%
of lymphocytes (Fig. 6A to C). The splenic macrophage pop-
ulation behaved differently from the lymphocyte populations in
both PEG IFN-a-treated and untreated mice during VEEV
infection (Fig. 6D). In untreated mice, there was a gradual rise
in CD69 expression that peaked at between 50 and 55% of
macrophages by day 4 p.i. and then declined gradually to 25%
by day 6 p.i. (Fig. 6D). In contrast, a high proportion (65 to
75%) of the splenic macrophage population of PEG IFN-a-
treated mice expressed CD69 from days 2 through 6 p.i. (Fig.
6D). The effect of PEG IFN-a-treatment was also observed
prior to infection (day 0), with much higher expression of
CD69 in all lymphocyte as well as macrophage populations in
treated than in untreated mice (Fig. 6).

To assess whether this pattern of activation was a result of
virus penetration of splenic leukocytes, the same populations
were stained intracellularly with an anti-VEEV E2 antibody
(Fig. 7). In both PEG IFN-a-treated and untreated individuals,
there was very low level of expression of viral antigen among
the CD41, CD81, and B-cell populations over the first 6 days
p.i. (Fig. 7A to C). High levels of VEEV antigen expression
were observed only in the splenic macrophage populations of
both PEG IFN-a-treated and untreated mice, antigen expres-
sion being detectable from day 1 p.i. and peaking at day 4 p.i.
(Fig. 7D).

It would therefore seem that there is no difference in the
behavior of splenic macrophages between PEG IFN-a-treated
and untreated BALB/c mice since there is high activation and
intracellular VEEV antigen in both treatment groups. How-
ever, further examination of CD69 and intracellular VEEV
antigen coexpression in splenic macrophage populations
showed significant differences between the treatment groups
(Fig. 8). In PEG IFN-a-treated mice, there was a consistently
higher proportion of splenic macrophages that express both

FIG. 2. Mortality in PEG IFN-a- and IL-12-treated BALB/c mice given a
subcutaneous infection with VEEV. Groups of 15 mice were given 100 ml i.p. of
either 4 3 104 U of PEG IFN-a in 1% NMS in N-saline (■), 100 ng of IL-12 in
1% NMS in N-saline (}), 4 3 104 U of PEG IFN-a in combination with 100 ng
of IL-12 in 1% NMS in N-saline (F), or just 1% NMS in N-saline (Œ) on days 22
to 15 after infection with ca. 25 MLD (25 PFU) of VEEV in 100 ml of L-15 MM
on day 0 p.i.
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CD69 and VEEV antigen than in untreated mice over the
course of infection. Comparison of splenic viral load (Fig. 3)
with intracellular E2 antigen expression by splenic macro-
phages reveals that expression of E2 antigen in untreated
BALB/c mice is related to the presence of whole intact virulent
VEEV. However, since no VEEV was detected by plaque
assay in the spleens of PEG IFN-a-treated mice (Fig. 3), then
expression of E2 antigen in the corresponding macrophage
population must be related to either inactivated nonviable
VEEV or viral antigen that is in the process of being presented
to the immune system. This finding suggests that macrophages
play a key role in immunity to VEEV infection since those
from PEG IFN-a-treated mice display functional characteris-
tics different from those from untreated mice.

The inflammatory response of VEEV in PEG IFN-a-treated
and untreated mice. The extent of the inflammatory response
to VEEV infection was assessed by measuring intracellular
TNF-a levels by splenic leukocytes over the first 6 days p.i.
(Fig. 9). TNF-a could not be detected in the T- and B-lym-
phocyte populations of both PEG IFN-a-treated and un-
treated mice (data not shown). However, TNF-a was detected
in the splenic macrophage populations in both treatment

groups. TNF-a expression was consistently and significantly
higher in untreated mice than in PEG IFN-a-treated mice on
each day postinfection (P , 0.05) according to Student’s t test.
During the latter stages of VEEV infection, TNF-a expression
reached a peak of over 65% of macrophages in untreated mice
which coincided with the clinical symptoms of advanced VEEV
infection such as piloerection and cachexia.

DISCUSSION

The data presented show that PEG IFN-a given prophylac-
tically protects mice from VEEV. This differs from the work of
previous authors, who have shown that VEEV is relatively
resistant to IFN treatment and that the more virulent strains
are the most resistant (34). Our work confirms that while the
TrD strain of VEEV is resistant to conventional IFNs such as
IFN-a B/D, IFN-a does play a key role in the host response to
VEEV infection, as antibody ablation studies have already
demonstrated (11). More recent evidence for this role of IFN
comes from work on IFN receptor knockout mice, which are
extremely susceptible to the virus with an accelerated course of
disease (14).

FIG. 3. VEEV titers in blood, spleen, lung, and brain tissues of PEG IFN-a-treated and untreated BALB/c given a subcutaneous challenge with virulent VEEV.
Groups of 15 mice were given 100 ml i.p. of either 4 3 104 U of PEG IFN-a in 1% NMS in N-saline (h) or just 1% NMS in N-saline (■) on days 22 to 15 after infection
with ca. 25 MLD (25 PFU) of VEEV in 100 ml of L-15 MM on day 0 p.i. Viral titers were calculated by standard plaque assay, incubating log dilutions of particular
cell suspensions with BHK cells. Results shown are geometric mean viremias of five individual mice per time point 1 geometric confidence limits of 95%.
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The dose of PEG IFN-a A/D in units of IFN used in this
experiment was one-fifth of that used to control St. Louis
encephalitis in mice (3) and one-fifth of the dose of unconju-
gated IFN-a B/D used unsuccessfully to control VEEV (TrD)
in this experiment. The mode of action of PEG is not fully
understood, but PEG-conjugated cytokines show a longer half-
life and delayed renal clearance compared to native protein
(19, 36). Although IFN-a induces the synthesis of a series of
intracellular antiviral proteins that continue to exert an antivi-
ral effect after the disappearance of the cytokine from the
serum (33), there is invariably a seesaw pattern of effector
protein levels following single daily dosing of unconjugated
cytokine. VEEV replicates in a wide range of cells and would
be able to replicate significantly between doses of conventional
IFN-a. It is likely that PEG conjugation of IFN maintains
serum levels of IFN for a longer period, with continuing stim-
ulation of IFN receptors and expression of effector proteins.
This effect appears to be very important in PEG IFN-a treat-
ment of herpes simplex virus infection in mice and treatment of
hepatitis C in humans (M. Mulqueen [Roche Discovery], per-
sonal communication) and is probably involved to some extent
here.

IL-12 has been used successfully to treat a number of viral
diseases in animal models, including those caused by herpes
virus (4), lymphocytic choriomeningitis virus (2), vesicular sto-
matitis virus (20), and St. Louis encephalitis virus (T. Brooks,
unpublished data). However, IL-12 treatment may also be det-
rimental during viral infections (24) as was the case during
VEEV infection, with mice treated with either IL-12 alone or
in combination with PEG IFN-a becoming more susceptible to
infection than untreated mice. This would suggest that the
IL-12-induced cell-mediated immune response is inappropri-
ate in combating VEEV infection and that IL-12 has a role in
the pathogenesis of disease.

Aerosol infection of mice and humans with VEEV is well
documented (17, 28, 32), and in mice the incubation period
and clinical progress of the disease are very similar to those of
subcutaneous infection. The virus enters the brain by both the
olfactory nerve and vascular spread (32), and similar patho-
genic mechanisms appear to be involved. Although VEEV may

bypass the immune system by direct entry to the brain along
the olfactory tract, most of the virus delivered is deposited in
other parts of the airways and causes a systemic infection
analogous to that introduced by the subcutaneous route. The
effect of PEG IFN-a is less for inhalational than for subcuta-
neous challenges, possibly because those that succumb to in-
fection may have been primarily affected by direct central ner-
vous system invasion of the virus before the immune system
developed a protective response. Virus in the central nervous
system would also be less susceptible to the antiviral actions
induced by PEG IFN-a.

During subcutaneous or airborne challenge, PEG IFN-a
treatment results in either undetectable or significantly lower
viremias, respectively, than in untreated controls. In particular,
the undetectable viremia observed in PEG IFN-a-treated
BALB/c mice during subcutaneous challenge with VEEV sug-
gests that PEG IFN-a-dependent effector mechanisms clear
the virus by day 2 p.i. Very little variance in viral load was
observed in untreated mice challenged either subcutaneously
or by aerosol and remained relatively high in the periphery
throughout the course of infection (e.g., VEEV blood titer of
ca. 103 on day 6 p.i.). These observations differ from those of
previous studies which suggest that VEEV is cleared from the
periphery by days 3 to 5 p.i. (7, 12). This discrepancy may be
explained by differences in the strain of mouse used as well as
virus passage level and/or route of inoculation (18).

While many studies of the immune response to VEEV in-
fection have concentrated on the secondary response induced
by vaccine treatment (28), few have described the primary
immune response to VEEV in great detail (11). In this study,
we were able to describe the primary immune response to
VEEV in both a susceptible population and a population ren-
dered resistant by prophylaxis with PEG IFN-a during a sub-
cutaneous infection with virulent VEEV.

In untreated susceptible mice, VEEV infection induces a
rapid and high expression of the very early activation marker
CD69 in the splenic lymphocyte populations by day 2 p.i., while
in PEG IFN-a-treated mice this overactivation is absent. Such
a rapid high expression of CD69 has been described in other
models of virus infection in which viral antigens from either
mouse mammary tumor virus, rhinovirus, or African swine
fever virus induced high CD69 expression among various lym-
phocyte populations (8, 39, 42).

These observations imply a number of conclusions about the
interactions of VEEV with the host. First, the high expression
of CD69 is not attributable to the presence of VEEV itself
inside the lymphocytes, since low levels of viral E2 antigen
were detected in both untreated and PEG IFN-a-treated mice.
Second, the interaction between host and pathogen is unlikely
to be that of classical antigen-specific cell activation seen dur-
ing a normal adaptive immune response since the normal fre-
quency of antigen-specific T cells is generally less than 1 in
1,000, while during VEEV infection a very high proportion of
lymphocytes were activated. Instead it is likely that VEEV
infection induces a very large nonspecific immune response in
untreated mice which is prevented in PEG IFN-a-treated
mice.

Other studies of virus-induced nonspecific cell activation
have suggested that macrophages or monocytes induce this
nonspecific expression of CD69 via the secretion of soluble
factors in situ (8, 39). VEEV E2 expression seemed to be
restricted to the splenic macrophage population in both un-
treated and PEG IFN-a-treated mice. In the same macrophage
populations, CD69 expression also increased gradually over
the first 6 days p.i. Both IFN-a and IL-12 are able to upregu-
late CD69 expression on T cells under certain conditions (1, 9).

FIG. 4. Mortality in PEG IFN-a-treated BALB/c mice given either high or
low doses of virus by aerosol. Groups of 15 mice were given 100 ml i.p. of either
4 3 104 U of PEG IFN-a in 1% NMS in N-saline or just 1% NMS in N-saline
on days 22 to 15 after infection. One group of PEG IFN-a-treated mice
received a high dose of ca. 1,000 MLD (103 PFU) of VEEV (--■--), while
another received a low dose of only 10 MLD (101 PFU) of VEEV by aerosol
(--Œ--) on day 0 p.i. At the same time, 1% NMS in N-saline-treated mice received
similar high (—■—) and low (—Œ—) doses of VEEV by aerosol on day 0 p.i.
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It has been suggested that cytokines like IFN-a and IL-12
secreted by monocytes and macrophages during viral infections
could be responsible for such nonspecific cell activation (8).
Our findings confirm those of other studies which indicate that
IFN-a is able to upregulate CD69 expression on lymphocytes
(35) since exogenous PEG IFN-a treatment prior to infection
(day 0) causes a significant proportion of lymphocytes and
macrophages to express CD69. However, by contrast, CD69
expression in the same treatment group is low throughout
VEEV infection. It is unlikely that PEG IFN-a-treatment di-
rectly downregulates lymphocyte and macrophage CD69 ex-
pression during VEEV infection. Instead, we suggest that PEG
IFN-a-treatment suppresses viral load by inducing antiviral
mechanisms in effector cells (like macrophages) prior to infec-
tion so that most or all of the VEEV particles in the inoculum
are destroyed before the virus has a chance to spread. It is the
resulting absence of VEEV that prevents cellular exposure to
the endogenously produced soluble mediators, like IFN-a, that
are secreted upon infection in untreated individuals and hence
low levels of CD69 expression.

Closer examination of splenic macrophage VEEV E2 anti-

gen and CD69 expression revealed that the macrophages of
PEG IFN-a-treated mice behaved differently from those of
untreated mice. PEG IFN-a treatment results in a greater
coexpression of viral antigen and CD69 than in untreated mice
with no viable VEEV present in the spleen. This would suggest
that macrophages may play an important role in generating an
effective primary immune response to VEEV infection. In vitro
studies of mouse macrophage activity in cultures of VEEV-
infected cells have demonstrated that activation of macro-
phages either by lipopolysaccharide or IFN-a/b dramatically
enhances their ability to kill infected cells (21). PEG IFN-a
prophylaxis may therefore upregulate macrophage antiviral ac-
tivity, either directly against VEEV or against VEEV-infected
cells, to such an extent that the infection is controlled before
the virus can replicate in sufficient numbers to induce the
terminal events of VEEV infection.

Under the same experimental conditions of use as PEG
IFN-a, IL-12 alone does not upregulate CD69 expression on
any of the leukocyte populations described above in uninfected
mice (our unpublished data). The deleterious effect of IL-12
treatment alone or in combination with PEG IFN-a points to

FIG. 5. VEEV titers in blood, spleen, lung, and brain tissues of PEG IFN-a-treated and untreated BALB/c given an aerosol challenge with 1,000 MLD of virulent
VEEV. Groups of 15 mice were given 100 ml i.p. of either 4 3 104 U of PEG IFN-a in 1% NMS in N-saline (h) or just 1% NMS in N-saline (■) on days 22 to 15
after infection with ca. 1,000 MLD (103 PFU) of VEEV by aerosol on day 0 p.i. Viral titers were calculated by standard plaque assay, incubating log dilutions of
particular cell suspensions with BHK cells. Results shown are geometric mean viremias of five mice per time point 1 geometric confidence limits of 95%.
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a possible role in the pathogenesis of VEEV infection. IL-12-
dependent antiviral effector mechanisms seem to be inappro-
priate in combating VEEV infection, and it may be that treat-
ment with PEG IFN-a downregulates this arm of the host
response and promotes beneficial IFN-a-dependent effector
mechanisms (6). Addition of exogenous IL-12 at the same time
as PEG IFN-a may overcome the inhibitory effects of IFN-a
and promote a proinflammatory IL-12-dependent response to
VEEV and ultimately death of the host. Clearly, further stud-
ies of the effect of IL-12 on VEEV infection are needed to gain
a better understanding of this possible mechanism of patho-
genesis of virulent VEEV infection.

One of the main clinical signs of VEEV infection in mice is
the strong inflammatory response characterized by piloerec-
tion and pyrexia that become apparent from day 2 p.i. (41).
This coincides with the peak CD69 expression in the splenic
lymphocyte population which would suggest that the VEEV-
induced illness and CD69 expression are somehow linked. Al-

though the functional significance of CD69 expression on T
cells has not been clearly defined, there is evidence to suggest
that CD69 may potentiate inflammatory responses via its role
as a lectin receptor capable of signal transduction. While a
ligand for CD69 has not yet been identified, anti-CD69 MAbs
have been shown to provide a costimulatory signal sufficient to
cause cytokine secretion and proliferation in T cells (37). In
addition, CD69 has been implicated as a key receptor involved
in stimulatory signals sent from activated T cells to monocytes,
as anti-CD69 MAbs block the ability of activated T cells to
induce IL-1b production from monocytes (16, 23). It is there-
fore possible that activated T cells, which already express high
amounts of CD69, may stimulate the release of inflammatory
cytokines like IL-1b and TNF-a from macrophages during
VEEV infection. Indirect evidence for this is shown by intra-
cellular expression of TNF-a by macrophages in untreated
mice which coincides with increased CD69 expression by these
macrophages following VEEV infection.

FIG. 6. Kinetics of CD69 expression by splenic leukocytes from PEG IFN-a-treated and untreated BALB/c mice given a subcutaneous challenge with virulent
VEEV. Mice were given 100 ml i.p. of either 4 3 104 U of PEG IFN-a in 1% NMS in N-saline (h) or just 1% NMS in N-saline (■) on days 22 to 15 after infection
with ca. 25 MLD of VEEV in 100 ml of L-15 MM on day 0 p.i. The data represents the fraction of splenic CD41 (A), CD81 (B), CD45R1 (C), or CD11b1 (D) cells
expressing CD69. Results shown are the mean 1 95% confidence limits of five mice per time point.
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TNF-a is typically secreted during a nonspecific immune
response and at low levels causes nonspecific cell activation
which can be protective in the early stages of some infections.
However, in large amounts it can lead to overstimulation,
pyrexia, and an inappropriate inflammatory response. High
levels are indicative of the systemic inflammatory response
syndrome commonly associated with the latter stages of VEEV
infection. Macrophages from PEG IFN-a-treated mice ex-
pressed consistently low levels of TNF-a, while those from
untreated mice were high throughout infection. These obser-
vations correlate well with the clinical state of the animals:
untreated mice were emaciated, ruffled, and sluggish from days
4 to 5 p.i. onwards, while PEG IFN-a-treated mice showed no
outward signs of illness. This would suggest that PEG IFN-a
treatment prevents or suppresses the very strong inflammatory
response associated with virulent VEEV infection, again prob-
ably by inducing immune effector cells to destroy the virus
early during infection before the inflammatory cascade has
been triggered.

From these observations, we propose that the immune re-

sponse to VEEV infection involves a complex interaction be-
tween macrophages, lymphocytes, and the virus itself. It is
likely that the initial interaction of VEEV with macrophages
shapes the outcome of infection. In untreated individuals, the
binding of VEEV to macrophages may activate a small number
of antigen-specific T cells via normal antigen presentation to
antigen-specific T cells. However, the interaction between
VEEV and macrophages also causes a nonspecific activation,
as indicated by increased CD69 expression, of the majority of
lymphocytes. In addition, the macrophages themselves become
activated and a large proportion express CD69 as well. Fol-
lowing this overactivation of leukocytes, a strong inflammatory
response occurs, with increased TNF-a production by macro-
phages and physical signs such as piloerection and pyrexia
manifesting themselves from day 2 p.i. onward.

PEG IFN-a-treated animals are able to survive VEEV in-
fection, and we suggest that this may be due to the prevention
or suppression of the inappropriate immune response ob-
served in untreated mice. Lymphocyte CD69 expression re-
mains consistently low over the first 6 days of infection, as do

FIG. 7. Kinetics of intracellular VEEV E2 antigen expression by splenic leukocytes from PEG IFN-a-treated and untreated BALB/c mice given a subcutaneous
challenge with virulent VEEV. Mice were given 100 ml i.p. of either 4 3 104 U of PEG IFN-a in 1% NMS in N-saline (h) or just 1% NMS in N-saline (■) on days
22 to 15 after infection with ca. 25 MLD (25 PFU) of VEEV in 100 ml of L-15 MM on day 0 p.i. The data represents the fraction of splenic CD41 (A), CD81 (B),
CD45R1 (C), or CD11b1 (D) cells expressing VEEV E2 antigen. Results shown are the mean 1 95% confidence limits of five mice per time point.
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macrophage TNF-a levels. Perhaps more importantly, macro-
phages from PEG IFN-a-treated mice seem to be more acti-
vated and express more viral antigen (possibly from destroyed
virus) than their counterparts in untreated mice. It would
seem, therefore, that PEG IFN-a treatment may affect mac-
rophages strongly to induce an early clearance of virus before
it has a chance to trigger the nonspecific inflammatory re-
sponse observed in untreated mice.

The use of these two models of susceptibility and IFN-a-
induced resistance to VEEV infection will help to increase our
understanding of the early immune events that precede the
characteristic encephalomyelitis associated with infection.
More detailed definition of the immune response to VEEV
infection will not only reveal other antiviral host defense mech-
anisms but also clarify the pathogenic processes associated
with VEEV as well as other alphavirus infections.
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