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Abstract

Trichothecenes are exquisitely toxic to the gastrointestinal (GI) tract and leukocytes and thus are likely to impair gut immunity. The purpose of
this research was to test the hypothesis that the Type A trichothecene T-2 toxin interferes with the gut mucosal immune response to enteric reovirus
infection. Mice were exposed i.p. first to 1.75 mg/kg bw T-2 and then 2 h later with 3 × 107 plaque-forming units of reovirus serotype 1, strain
Lang (T1/L). As compared to vehicle-treated control, T-2-treated mice had dramatically elevated intestinal plaque-forming viral titers after 5 days
and failed to completely clear the virus from intestine by 10 days. Levels of reovirus λ2 core spike (L2 gene) RNA in feces in T-2-treated mice
were significantly higher at 1, 3, 5, and 7 days than controls. T-2 potentiated L2 mRNA expression in a dose-dependent manner with as little as
50 μg/kg of the toxin having a potentiative effect. T-2 exposure transiently suppressed induction of reovirus-specific IgA in feces (6 and 8 days) as
well as specific IgA and IgG2a in serum (5 days). This suppression corresponded to decreased secretion of reovirus-specific IgA and IgG2a in
Peyer's patch (PP) and lamina propria fragment cultures prepared 5 days after infection. T-2 suppressed IFN-γ responses in PP to reovirus at 3 and
7 days as compared to infected controls whereas IL-2 mRNA concentrations were unaffected. PP IL-6 mRNA levels were increased 2-fold 2 h
after T-2 treatment, but no differences between infected T-2-exposed and infected vehicle-treated mice were detectable over the next 7 days.
Overall, the results suggest that T-2 toxin increased both the extent of GI tract reovirus infection and fecal shedding which corresponded to both
suppressed immunoglobulin and IFN-γ responses.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Trichothecene mycotoxins produced by Fusarium species
are frequently found in cereal grains and products intended for
human and animal consumption. Although Type B trichothe-
cenes, notably deoxynivalenol (DON), are most commonly
encountered (Pestka and Smolinski, 2005), the more highly
toxic Type A trichothecenes are also sometimes detectable
(Schothorst and van Egmond, 2004). Type A trichothecenes
have nearly 10 to 100 times greater toxicity in animal and in
⁎ Corresponding author. 234 G.M. Trout Building, Michigan State University,
East Lansing, MI 48824-1224. Fax: +1 517 353 8963.

E-mail address: pestka@msu.edu (J.J. Pestka).

0041-008X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.taap.2006.01.007
vitro models than the Type B group with T-2 toxin being of most
concern (Ueno, 1984). T-2 is considered to be the principal
etiologic agent in outbreaks of fatal human alimentary toxic
aleukia (ATA) with clinical signs of this disease being
gastrointestinal (GI) tract hemorrhage, bone marrow depletion,
leukopenia, agranulocytosis, and sepsis (Joffe, 1978). This
etiologic linkage is supported by studies in experimental
animals (Lutsky et al., 1978).

T-2 adversely affects the immune response. In rodents, both
i.p. and oral exposure to the toxin induces apoptosis of
hematopoietic and lymphoid tissues, including bone marrow,
Peyer's patches, spleen, and thymus (Ihara et al., 1997;
Shinozuka et al., 1997a, 1997b; Islam et al., 1998; Nagata et
al., 2001). Experimental animals similarly treated with T-2 are
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more susceptible to systemic infections by Salmonella Typhi-
murium (Tai and Pestka, 1990; Ziprin and Elissalde, 1990;
Kubena et al., 2001), Listeria monocytogenes (Ziprin and
McMurray, 1988; Ziprin et al., 1987), Babesia microti (Corrier
and Wagner, 1988), Mycobacterium (Kanai and Kondo, 1984;
Ziprin and McMurray, 1988), and Herpes simplex virus (Friend
et al., 1983). Although the intestine is a principal target in ATA,
little is known of T-2′s capacity to suppress the gut mucosal
immune response. Assessment of potential xenobiotic modula-
tion of mucosal immune function has lagged behind well-
established methods for measuring systemic immunotoxicity
(Kawabata et al., 1995; Bondy and Pestka, 2005). In one
exception, Cuff et al. (1998) successfully used enteric reovirus
(respiratory enteric orphan virus) to assess the suppressive
effects of cyclophosphamide on gastrointestinal immune system
suggesting that this virus is a valuable model for investigating
mucosal immunotoxicity.

Enteric reoviruses are double-stranded RNA viruses that
have been isolated from the gastrointestinal and respiratory
tracts of both humans and animals (Nibert et al., 1996) and that
have been suspected to contribute to mild mucosal infections
(Tai et al., 2005). In addition, reoviruses have been extremely
useful models for studying many aspects of viral pathogenesis
and host immunity (Tyler et al., 2001). Notably, reovirus
exposure initiates a self-limited infection in mice in which the
virus is cleared from gastrointestinal tract within 7 to 14 days
after onset. Immune responses to enteric reovirus infection in
murine gastrointestinal-associated lymphoid tissues (GALT)
have been well-characterized relative to: (1) virus-specific
intestinal IgA (London et al., 1987; Major and Cuff, 1996;
Silvey et al., 2001), (2) serum IgG (Virgin et al., 1988; Major
and Cuff, 1996), (3) cell-mediated immunity (London et al.,
1987; Cuff et al., 1993), and (4) cytokine production (Fan et al.,
1998; Mathers and Cuff, 2004).

We have recently observed that acute oral exposure of the
mouse to the Type B trichothecene DON impairs reovirus
clearance but enhances reovirus-specific immunoglobulin
responses (Li et al., 2005). These effects correlated with
suppressed Th1 and enhanced Th2 cytokine responses,
respectively. The threshold for suppression by DON was
2 mg/kg bw. Given the greater reported toxicity of T-2 over
DON (Ueno, 1984) and the inherent differences in the capacity
of these two mycotoxins to modulate cytokine gene expression
(Ouyang et al., 1995), exposure to even very low concentrations
of T-2 might pose a significant hazard to human GI immune
function. Here, we tested the hypothesis that T-2 interferes with
the gut mucosal immune response to experimental enteric
Table 1
Primer sequences for real-time PCR amplification

Gene Genbank no. Forward primer

IFN-γ K00083 5′ gag gaa ctg gca aaa gga tgg tga
IL-2 X01772 5′ cct gag cag gat gga gaa tta ca 3′
IL-4 M25892 5′ aca gga gaa ggg acg cca t 3′
IL-6 X45452 5′ gag gat acc act ccc aac aga cc 3
IL-10 M37897 5′ tgt gaa aat aag agc aag gca gtg 3
reovirus infection in the mouse. The results suggest that T-2
increased both the extent of GI tract reovirus infection and fecal
shedding with as little as 50 μg/kg of the toxin being
suppressive. Impaired gut resistance to reovirus by T-2
corresponded to suppressed immunoglobulin and IFN-γ
responses.

Materials and methods

Chemicals. All chemicals including T-2 and tissue culture components were
purchased from Sigma Chemical Co. (St. Louis, MO) unless otherwise noted.

Mice. Animal studies were conducted in accordance with NIH guidelines
and were approved by the Michigan State University (MSU) Committee on
Animal Use and Care. Female B6C3F1 mice aged 7–10 weeks were obtained
from Charles River (Portage, MI) and acclimated for 1 week prior to
experiments. Mice were housed under negative pressure in a BSL 2 room
with humidity and temperature control at the MSU University Research
Containment Facility.

Virus. Reovirus serotype 1, strain Lang (T1/L) was grown in L929
fibroblast cells at 34 °C in DMEM medium with 5% (v/v) fetal bovine serum
(FBS), 100 U/ml of penicillin, 100 μg/ml of streptomycin, and 0.25 μg/ml of
amphotericin B (Gibco). A third-passage plaque-purified virion (Furlong et
al., 1988) was used for mouse infection and prepared by 1,1,2-trichloro-1,2,2-
trifluoroethane extraction and discontinuous CsCl gradient centrifugation
(Silvey et al., 2001). Titers of purified viruses were determined by standard
plaque assay (Cuff et al., 1990).

Experimental design and sample collection. Mice were injected i.p. once
with 0.05 to 1.75 mg/kg bw T-2 with the highest dose representing
approximately 1/2 the LD50 (Ueno, 1984; Li et al., 2005). After 2 h, mice
were infected by oral gavage with 3 × 107 plaque-forming units (PFU) of
reovirus in a total volume of 100 μl borate-buffered saline (pH 7.4)
containing 0.3% (w/v) of gelatin (London et al., 1987). Fecal pellets were
collected 0, 2, 4, 6, 8, and 10 days after viral infection and frozen at −20 °C.
At experiment termination, mice were bled and euthanized. Intestines and
spleens were procured from euthanized mice and processed as described
below.

Lymphoid fragment cultures. A lymphoid fragment culture system (Logan et
al., 1991) as modified by Cuff et al. (1998) was used to study immunoglobulin
secretion. Briefly, seven PP per mouse were removed from intestine, pooled and
washed three times in HBSS with 5 μg/ml of gentamicin and twice with tissue
culture medium (TCM) consisting of RPMI 1640 medium supplemented with
10% (v/v) FBS, 2 mM L-glutamine, 0.5 μM of 2-mercaptoethanol, 5 μg/ml of
gentamicin, 100 unit/ml penicillin, and 100 μg/ml streptomycin. Individual
patches were cut in half and incubated collectively in 2 ml of TCM for 5 days at
37 °C under 5% CO2 without additional stimulation. Lamina propria cultures
were prepared, after removing PP, by splitting intestine longitudinally and
cutting it into pieces 2–3 cm long. The fragments were washed at least 3 times
with HBSS with 0.2% (w/v) NaHCO3, 0.1 M HEPES, and 5 μg/ml gentamicin.
One half of the fragments were used for viral titer detection, and the rest were
incubated twice for 30 min in 5 mM EDTA in HBSS to remove epithelial cells.
The fragments without epithelial cells were washed twice more and then
Reverse primer PCR product
length (bp)

3′ 5′ tgt tgt tgc tga tgg cct gat tgt 3′ 97
5′ tcc aga aca tgc cgc aga g 3′ 141
5′ gaa gcc cta cag acg agc tca 3′ 95

′ 5′ aag tgc atc atc gtt gtt cat aca 3′ 141
′ 5′ cat tca tgg cct tgt aga cac c 3′ 85



Fig. 1. T-2 suppresses intestinal clearance of reovirus. Mice were treated with 0
or 1.75 mg/kg T-2 i.p. After 2 or 12 h, mice were infected with 3 × 107 PFU of
reovirus by oral gavage. Five and ten days after infection, virus titers were
determined by plaque assay. Data are means ± SEM (n = 9). Bars with asterisk
are significantly different from infected control at same time point (P b 0.05).

Fig. 3. Dose response effects of T-2 on reovirus L2 RNA in feces. Mice were
treated with various doses of T-2 i.p. and then 2 h later with 3 × 107 reovirus p.o.
After 4 days, total fecal pellet and PP RNA were purified, and L-2 RNA
quantified by real-time PCR. Data are mean ± SEM (n = 6). Bars without the
same letter differ significantly (P b 0.05).
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incubated in 3 ml of TCM for 5 days at 37 °C under 5% CO2. Culture
supernatants were analyzed for specific antibodies by ELISA.

Virus titration. For viral plaque counts of GI tract (Major and Cuff, 1997),
intestinal segments were placed in 2 ml of sterile phosphate-buffered saline,
freeze-thawed three times, and sonicated. Tissues were homogenized in 3 ml
saline containing 0.3% gelatin. Serial dilutions (100 μl) in TCM were incubated
on monolayers of L-929 fibroblasts in 12-well tissue culture plates for 45 min at
34 °C and thereafter overlaid with 3 ml of 1% (w/v) agar in Medium 199 and
cultured at 34 °C. Plaques were counted after 7 days incubation.

Real-time PCR for reovirus. Total RNA was extracted from 200 μl of
supernatant of 10% (w/v) fecal suspension using TRIZOL (Invitrogen) and
real-time PCR for reovirus L2 gene was performed as reported previously (Li et
al., 2005). PCR primers for λ2 core spike (L2 gene) of reovirus T1/L were
forward, 5′ ctg acg tcg atc agg tcg ttg 3′ and reverse, 5′ gat gtg gca tgc atg cat
gag 3′. Purified reoviruses were added into 10% (w/w) of fecal pellet suspension
from vehicle mice at concentrations of 0, 101, 102, 103, 104, 105 106, and 107

PFU/ml for standard curve and sample quantification.

ELISA. Serum was separated from clotted blood samples and stored at 4 °C.
Fecal pellets were suspended at 0.1 g/ml in phosphate-buffered saline, held on
ice for 2 h, and then sonicated for 15 s. Solutions were cleared by high speed
centrifugation for 10 min at 4 °C and stored at − 20 °C. Serum, culture fluid, and
Fig. 2. T-2 increases reovirus shedding in feces. Mice were treated with 0 (closed
circles) or 1.75 (open circles) mg/kg T-2 i.p. and then 2 h later infected with
3 × 107 PFU of reovirus p.o. Fecal pellets were collected at intervals and
homogenized. Total RNAs were isolated and L2 gene detected by real-time
PCR. Data are means ± SEM (n = 9) of viral L2 gene copies per gram fecal
pellet. Points without same letter are significantly different (P b 0.05).
fecal supernatant were assayed for virus-specific IgA and IgG2A antibody by the
ELISA of Major and Cuff (1997) as modified by Li et al. (2005). Absorbance
was used as endpoint for fecal and fragment cultures. For sera, geometric mean
antibody titers were determined from the highest serum dilutions to yield
absorbances of 0.2 or higher.

Real-time PCR for cytokines. For cytokine PCR, PPs were collected and
immediately put into RNA later (Ambion) at 4 °C and total RNA isolated with
TRIZOL reagent (Invitrogen). RNA (1 μg) was denatured by incubation at 70 °C
for 10 min with 250 pM Oligo (dT)12–15 primer (Invitrogen). Real-time PCR
was performed as previously described (Kinser et al., 2004) on an ABI Prism
7700 Sequence Detector with ABI SYBR Green PCR core kit (Applied
Biosystem). Primer sequences (Table 1) were based on published cytokine
mRNA sequences (Samuel and Knutson, 1983; Overbergh et al., 2003).
Reactions contained a total volume of 12.5 μl: 1 μM primer pair 3 mM Mg+2,
0.8 mM dNTP mixture, 6 ng cDNA template, 0.075 μl Taq Gold DNA
polymerase (ABI). Reactions were started by incubation at 95 °C for 5 min and
followed by 40 two-step thermal cycles of each 15 s denaturation at 95 °C, 60 s
primer annealing, and extension at 60 °C. Real-time threshold cycle (Ct ) value
for each sample was determined. Negative control and positive samples ranging
Fig. 4. T-2 suppress reovirus-specific IgA response in feces. Mice were treated
with 0 or 1.75 mg/kg of T-2 i.p. and then 2 h later orally infected with 3 × 107

PFU of reovirus. Fecal pellets were collected at 0, 2, 4, 6, 8, and 10 days after
infection. Virus-specific IgA in fecal suspensions was determined by ELISA.
Data are means ± SEM (n = 9). Asterisks indicate significant difference between
control vehicle from groups given T-2 (P b 0.05).



Fig. 5. Ex vivo production of reovirus-specific IgA is suppressed in lamina
propria (LP) and Peyer's patch (PP) cultures from T-2-treated mice. Mice were
treated with 0 or 1.75 mg/kg of T-2 i.p. and then 2 h later infected with 3 × 107

PFU of reovirus. LP and PP fragment cultures were incubated for 5 days without
additional stimulation. Reovirus-specific IgA in cultured supernatants was
determined by ELISA. Data are means ± SEM (n = 9). Bars marked with asterisk
are significantly different from corresponding reovirus-infected group treated
with vehicle at same time point (P b 0.05).

Fig. 6. T-2 suppresses reovirus-specific IgA and IgG2a response in serum. Mice
were treated with 0 or 1.75 mg/kg of T-2 and then 2 h later orally infected with
3 × 107 PFU of reovirus. Five and ten days after infection, serum IgA and IgG2a

titers were determined by ELISA. Data are means ± SEM (n = 9). Bars marked
with an asterisk are significantly different from corresponding reovirus-infected
group treated with vehicle at same time point (P b 0.05).
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from 101 to 108 copies/ml of target gene were used for standard curve and
sample quantification.

Statistics. Data were analyzed using Sigma Stat software (Jandel Scientific,
San Rafael, CA). For comparisons of two groups of data, Student's t test was
performed. For comparison of multiple groups of data, a Kruskal–Wallis one-
way ANOVA on ranks and SNK post hoc test were used. Data sets were
considered significantly different when P b 0.05.

Results

The capacity of T-2-treated mice to modulate reovirus
intestinal infection was initially assessed by plaque-forming
assay. Mice that received vehicle alone and then infected with
reovirus 2 h later contained approximately 104 PFU/intestine at
5 days with less than 101 PFU/intestine by 10 days (Fig. 1).
However, mice treated i.p. 2 h prior to infection with T-2
(1.75 mg/kg bw) contained 6- and 500-fold more reovirus per
intestine at 5 and 10 days, respectively (P b 0.05). Virus was
undetectable in spleens of untreated or T-2-treated reovirus-
infected mice (data not shown). The results suggest that T-2
increased the intestinal reovirus burden and prevented its
completed clearance during the interval studied; however, the
toxin did not facilitate breaching of the virus into the systemic
compartment.

Reovirus is shed in feces during intestinal infection and thus
can be continuously monitored by real-time PCR of the L2 gene
(Li et al., 2005). In control mice exposed to reovirus,
approximately 100 to 200 copies of L2 RNA/g feces were
detectable at 1 and 3 days (Fig. 2). The marker was undetectable
at 5 and 7 days which is consistent with its clearance from
intestinal tissue by 10 days. However, in T-2-treated mice, fecal
L2 RNA copy numbers at 1, 3, 5, and 7 days were
approximately 102-, 105-, 103-, and 101-fold greater than
control mice (P b 0.05). Thus, T-2 increased both the amount of
fecal reovirus and duration of its shedding.

The dose response effects of T-2 were assessed using fecal
L2 RNA copy number at 4 days. T-2 potentiated L-2 expression
in a dose-dependent manner with as low as 50 μg/kg of the toxin
causing significant potentiation (P b 0.05) (Fig. 3). L2 RNA
copy number reached a plateau at 0.5 mg/kg T-2 and did not
differ from 1 or 2 mg/kg (P N 0.05).

Reovirus induces a specific mucosal IgA response which
likely contributes to clearance of the virus from the gut (London
et al., 1987; Silvey et al., 2001). To assess mucosal IgA
responses, reovirus-specific IgA in feces was compared over the
10 days course of infection in vehicle- and T-2-treated mice.
Increased reovirus-specific IgAwas detectable 6, 8, and 10 days
after reovirus infection in vehicle-treated mice (Fig. 4).
Induction of reovirus-specific IgAwas significantly suppressed
at 6 and 8 days in feces from T-2-treated mice (P b 0.05).
Impaired IgA responses corresponded to suppression of
reovirus-specific IgA secretion in fragment cultures of LP
(Fig. 5A) and PP (Fig. 5B) obtained from T-2-treated mice 5
days after infection (P b 0.05).
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T-2 significantly attenuated induction of reovirus-specific
IgA in serum after 5 days but not after 10 days (P b 0.05) (Fig.
6A), suggesting that a corresponding and transient impact on
the systemic humoral IgA response occurred. Similarly, the
reovirus-specific IgG2A titer in serum from infected T-2-treated
mice was 100 times less than that of infected vehicle controls
at 5 days (Fig. 6B). IgG2A responses were also inhibited in
tissue fragment cultures of spleen and PP from infected, T-2-
treated mice at 5 days (P b 0.05) (Fig. 7). Reovirus-specific
IgG2A was not detectable in fecal pellets and LP tissue cultures
(data not shown).

DON has been previously shown to skew the cytokine
responses to reovirus infection in PP from Th1 to Th2 (Li et al.,
2005). The effects of T-2 and reovirus on expression of Th1
(IFN-γ and IL-2) and Th2 (IL-4, IL-6, and IL-10) cytokine
mRNAs in PP were therefore assessed over 7 days. Treatment
with T-2 for 2 h without reovirus initially elevated IFN-γ (Fig.
8A) but suppressed IL-2 (Fig. 8B) mRNA levels. Reovirus
markedly induced IFN-γ mRNA expression from 3 to 7 days
but this was suppressed by T-2 (Fig. 8A). Reovirus also caused
decreases in IL-2 (Fig. 8B) and IL-4 (Fig. 9A) mRNA which
were not impacted by T-2. IL-6 mRNAwas initially elevated by
treatment with T-2 for 2 h without reovirus but did not differ
from vehicle-treated controls during the course of reovirus
Fig. 7. Ex vivo production of reovirus-specific IgG2a is suppressed in spleen and
PP cultures of T-2-treated mice. Mice were treated with 0 or 1.75 mg/kg of T-2
i.p. and then 2 h later and then orally infected with 3 × 107 PFU of reovirus.
Spleen and PP fragment cultures were incubated for 5 days without additional
stimulation. Reovirus-specific IgG2A of cultured supernatants were determined
by ELISA. Data are means ± SEM (n = 9). Bars marked with an asterisk are
significantly different from corresponding infected control given vehicle at same
time point (P b 0.05).

Fig. 8. Kinetics of Th1 cytokine mRNA expression in Peyer's patches of T-2-
treated mice. Mice were treated with 0 (closed circles) or 1.75 (open circles) mg/
kg of T-2 i.p. and then 2 h later orally infected with 3 × 107 PFU of reovirus.
After 0, 1, 3, 5, and 7 days, Peyer's patches (PP) RNAs were isolated and
relative expression of IFN-γ and IL-2 mRNA measured by real-time PCR. Data
are means ± SEM (n = 6). Asterisk indicates significant difference from
corresponding infected control given vehicle (P b 0.05).
infection (Fig. 9B). Reovirus caused decreases in IL-10 mRNA
but this effect was abrogated by T-2 treatment (Fig. 8C). Thus,
the primary effects of T-2 on cytokine gene expression in the PP
were attenuation of reovirus-induced IFN-γ and interference
with reovirus suppression of IL-10.

Discussion

Immune modulation by natural toxins and environmental
toxicants has potential implications to human health relative
to both mounting appropriate responses against infectious
agents and generating untoward inflammatory or autoimmune
responses (Germolec, 2004). Reovirus has widely been used
to study viral pathogenesis (Tyler et al., 2001) and previous
studies (Cuff et al., 1998; Li et al., 2005) suggest this virus to
be a robust model for monitoring dysregulation of host
resistance in the gut mucosal immune system. Here, a single
T-2 exposure was found to suppress the host response to
reovirus as evidenced by the inability to clear the virus from
intestine as well as by increased fecal shedding of the virus.
Rosen et al. (1960) described an outbreak of T1 reovirus
infection among children over a 9-week period. Fecal
shedding of the virus occurred for at least 1 week in 54%
of the children and lasted at least 2 weeks in an additional
21%. All children with detectable virus in their stools
exhibited elevated antibody titers to the virus. Thus, the



Fig. 9. Kinetics of Th2 cytokine mRNA expression in Peyer's patches of T-2-
treated mice. Mice were treated with vehicle (closed circles) or T-2 (open circles)
as described in Fig. 8 and relative expression of IL-6, IL-10, and IL-4 mRNA
determined by real-time PCR. Data are means ± SEM (n = 6). Asterisk indicates
significant difference from corresponding infected control given vehicle
(P b 0.05).
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murine model employed in this study appears to be relevant
to human infection from the perspectives of both gut infection
kinetics and seroconversion.

Relative to human safety assessment, the dose response
experiment revealed that as little as 50 μg/kg bw of T-2
suppressed resistance to reovirus. This dose is approximately
equivalent to a daily consumption of 350 μg/kg T-2 in mouse
diet. In relation, reported T-2 concentrations in European
wheat, maize, barley, and oats have been reported to be as
much as 250, 260, 310, and 530 μg/kg (Canady et al., 2001).
The LOEL observed herein for the mouse reovirus model was
consistent with findings of the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) who identified the
lowest observed effect level of 29 μg/kg bw per day based on
changes in white and red blood cell counts identified in a 3-
week dietary study in pigs (Canady et al., 2001). JECFA used
this LOEL and a safety factor of 500 to derive a provisional
maximal tolerable daily intake for T-2 of 60 ng/kg bw per
day. It should be further noted that we utilized i.p. exposure
in this study to minimize experimental variation. While T-2
distributes rapidly to lymphoid tissue regardless of exposure
route (Canady et al., 2001), it will nevertheless be critical to
understand how acute and chronic exposure by ingestion to
low concentrations of T-2 might impact host resistance to
reovirus.

Although incompletely understood, the host resistance
mechanisms for reovirus and other enteric viruses are multi-
factorial and include both innate and adaptive immune
components. For viruses that invade via the mucosal route,
both IgA and IgG can provide protection and mediate viral
clearance (Kato et al., 2001; Whitton and Oldstone, 2001).
Reovirus selectively adheres to apical surfaces of M cells of
the PP enabling transepithelial transport (Wolf et al., 1981;
Helander et al., 2003). Secretory IgA antibodies provide a
protective first line via entrapment of virus particles in mucus
as well as blocking epithelial cell binding and entry
(Phalipon et al., 2002). IgG can also provide protection
against reovirus by neutralization and mobilization of factors
that mediate clearance (Whitton and Oldstone, 2001). Our
observation that T-2 markedly suppressed reovirus-induced Ig
responses is of general importance because antibodies
provide protective immunity against most viruses (Klasse
and Sattentau, 2002).

An equally important finding was that T-2 suppression of
IFN-γ expression from 3 to 7 days post-infection was consistent
with diminished clearance of reovirus infection. IFN-γ facil-
itates antiviral immunity by suppressing viral replication,
activating macrophages, inducing nitric oxide synthase and
stimulating specific cytotoxic immunity via cell-surface-bound
antigen-associated MHC proteins (Shtrichman and Samuel,
2001). Suppression of one or more of these mechanisms could
prolong reovirus replication and survival. Clarification is now
needed on whether T-2 impairment of IFN-γ impacts reovirus-
induced changes in macrophage, NK, dendritic, or T cell
function as well as epithelial cell physiology, pIgR levels, or
immune tolerance.

The specific mechanisms by which T-2 suppresses Ig and
IFN-γ response are unclear but might be explainable by
selective leukocyte death in the mucosal or systemic
compartments. Exposure to T-2 has been previously shown
to induce apoptotic cell death in PP, thymus, spleen, or bone
marrow (Shinozuka et al., 1997a, 1997b; Nagata et al., 2001).
Notably, Islam et al. (1998) found that within 6 h after i.p.
injection with T-2 doses as low as 0.87 mg/kg, marked DNA
fragmentation is observed in the thymus. Using flow
cytometry, these investigators further determined that when
compared with vehicle controls, CD4+CD8+ double positive
subsets were decreased significantly at 24, 48, and 72 h in
thymuses of mice treated with 1.75 mg/kg T-2. Furthermore, a
significant decrease in CD4+CD8− thymocytes was also
observed at 72 h after T-2 exposure. Nagata et al. (2001)
found similar effects in thymus mice orally exposed to T-2
and that these effects extended into the PP. Attenuation in
CD4+CD8+ and CD4+CD8− cell could conceivably impact
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requisite T helper activity for mounting both IgA and IgG
responses. Similarly, alterations in these populations might
also contribute to decreased production of IFN-γ. In support
of this contention, we previously observed that in vivo DON
exposure suppresses reovirus-induced IFN-γ secretion by
CD4+ cells in PP cultures (Li et al., 2005). Additional
analysis of the relationship among T-2 dose, differential
leukocyte cell death, and suppressed reovirus responses is
warranted.

T-2′s effects on mucosal immune response to reovirus
differed in several respects from that observed previously for
DON (Li et al., 2005). Much lower doses of T-2 (0.05 to
1.75 mg/kg) than DON (2 to 25 mg/kg) impaired reovirus
clearance. Furthermore, 10 days after treatment with T-2 at the
highest dose, a large amount of residual virus remained in the
intestine whereas it was completely cleared in mice at the
highest DON dose. Thus, less efficient clearance after T-2
exposure might relate to suppression of the mucosal IgA
response. While DON similarly impaired reovirus-induced IFN-
γ and attenuated early mucosal and systemic IgA and IgG
responses (1 to 5 days), it later potentiated reovirus-specific IgA
in feces, serum, and fragment cultures during later stages of the
infection (5 to 10 days). DON-exposed mice also exhibited
markedly increased IL-4, IL-6, and IL-10 mRNA expression in
PP which was suggestive of a skewed Th2 response. All three of
these cytokines promote proliferation and terminal differentia-
tion of Ig-secreting cells as well as downregulate Th1 responses
(Yamamoto et al., 1996; Diehl and Rincon, 2002; Conti et al.,
2003; Mathers and Cuff, 2004). The lack of a similarly robust
effect on Th 2 cytokines by T-2 suggests inherent differences
between these two toxins (and perhaps Type A and Type B
trichothecenes) in their capacity to upregulate cytokines during
viral infection and might explain the lack of IgA enhancing
effect.

Taken together, T-2 impaired clearance of the reovirus and
increased its fecal shedding and these effects corresponded to
suppression of both reovirus-induced Igs and IFN-γ. Elevated
viral load in intestinal tissue is likely to increase inflammation
and discomfort to the host during the infection process.
Additionally, increased fecal shedding could enhance virus
dissemination among individuals. While reovirus was used here
primarily as a model, its pathogenic mechanisms and resultant
host immune responses are shared with many enteric and
respiratory viruses (Nibert et al., 1996). It might be speculated
that trichothecene exposure could enable more virulent viruses
to establish infections and cause serious diseases. Intriguingly,
reovirus T1/L has been found to evoke acute respiratory distress
in young mice (Majeski et al., 2003a, 2003b; London et al.,
2002). A human reovirus isolated from a severe acute
respiratory syndrome (SARS) patient has been recently
demonstrated to cause SARS-like symptoms in macaques and
guinea pigs (He et al., 2005; Liang et al., 2005). Further insight
is needed in reovirus and other viral models on the specific
mechanisms by which T-2 and other trichothecenes interfere
with cytokine- and Ig-regulated viral clearance and how these
are impacted by dose, administration route, and duration of
toxin exposure.
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