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a b s t r a c t

Transmissible gastroenteritis virus (TGEV) is the causative agent of porcine transmissible gastroenteritis
(TGE), characterized by high mortality and severely retarded growth in piglets that dramatically affects
the porcine industry. Previously, we have identified two shRNA-expressing plasmids pEGFP-U6/P1 and
ccepted 23 December 2009
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pEGFP-U6/P2 that target RNA-dependent RNA polymerase (RdRP) gene of TGEV with more than 95% of
virus inhibition in vitro. In this study, inhibition of the TGEV replication by pEGFP-U6/P1 and pEGFP-U6/P2
was tested in mini-pigs. SPF mini-pigs at 25 days old were injected with the shRNA-expressing plasmids
and then infected with TGEV. The results from the analyses of clinical signs, histopathology, indirect
immunofluorescence (IIF) and RT-PCR show that the two shRNA-expressing plasmids could significantly
decrease the quantity of TGEV in different organs and protect mini-pigs from TGEV infection. These

spect
ini-pig findings illustrate the pro

. Introduction

Since RNA interference (RNAi) was confirmed as an ancient and
nvaluable tool for silencing genes in the animal and plant (Fire et
l., 1998; Hamilton and Baulcombe, 1999; Hannon, 2002), it has
een extensively used to study interference with virus replication
McCaffrey et al., 2003; Vaucheret et al., 2001). So far, the repli-
ation of various viruses including many coronaviruses has been
ffectively inhibited in vitro or in vivo (Chang et al., 2007; Dieckhoff
t al., 2008; Jia et al., 2008; Li et al., 2005; Liu et al., 2006), however,
o report yet have shown that the replication of coronaviruses in
wine could be interfered by RNAi.

Porcine transmissible gastroenteritis virus (TGEV), a member of
he family Coronaviridae, is the etiological agent of porcine trans-

issible gastroenteritis (TGE). Swine of all ages and species were
usceptible to TGEV, and infected animals usually show symptoms
f vomiting, diarrhea and severe dehydration. As the mortality of

nfected piglets under 3 weeks can be up to 100% (Garwes, 1988;

ullan et al., 1994) and survived elder pigs usually show growth
etardation and low rate of reward to feeding, the annual economic
oss due to outbreak of TGE was enormous around the world. Fur-
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for TGEV-specific shRNAs to be new anti-TGEV agents.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

thermore, TGE usually developed very fast in vivo. Neonatal piglets
infected with TGEV may suffer from gastroenteritis within 20 h
post-infection and death may happen in 1–4 days (Schwegmann-
Wessels and Herrler, 2006). However, unlike the foot-and-mouth
disease virus (FMDV), there are no quick and potent anti-TGEV
therapeutic agents available yet (Brim et al., 1995; de los Santos et
al., 2005; Saif, 2004). Previously, two shRNA-expressing plasmids
pEGFP-U6/P1 and pEGFP-U6/P2, targeting the RNA-dependent RNA
polymerase (RdRP) gene of TGEV, had been constructed and found
to be with high efficiency of viral inhibition as demonstrated in vitro
(Zhou et al., 2007). In the present study, we delivered the two plas-
mids into mini-pigs to further evaluate their antiviral potential in
vivo.

2. Materials and methods

2.1. Selection of anti-TGEV shRNA-expressing plasmids

Here we selected two TGEV-specific shRNA-expressing plas-
mids pEGFP-U6/P1 and pEGFP-U6/P2 based on a previous in

vitro study (Zhou et al., 2007). Meanwhile, we used the shRNA-
expressing plasmid pEGFP-U6/T containing an unrelated siRNA
duplex as a non-specific toxicity control. Inserted shRNA sequences
of the plasmids above were designed as follows: pEGFP-U6/P1:
5′-GTACTGGGATCGCACATATTTCAAGACGATATGTGCGATCCCAGTA-

ghts reserved.
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Table 1
Plasmids delivery and virus infection regimen.
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Plasmid PBS PBS pEGFP-U6/T
Vector dosage 10 ml/pig 10 ml/pig 3 mg/10 ml/
TGEV PBS TGEs-1 PBS
Viral dosage 10 ml/pig 10 ml/pig 10 ml/pig

TTTTTT-3′; pEGFP-U6/P2: 5′-GGCAAGAGCTCGTACAGTATTCAAGA-
GTACTGTACGAGCTCTTGCCTTTTTT-3′; pEGFP-U6/T: 5′-G ACTTCA-
AAGGCGCATGCTTCAAGACGGCATGCGCCTTATGAAGTCTTTTTT-3′.
ust like the method in vitro (Zhou et al., 2007), an enhanced
reen fluorescent protein (EGFP) gene, used to visualize the major
ocation and expression of introduced plasmids, was still inserted
n each.

.2. Plasmids delivery and TGEV infection

The TGEV, named as TGEs-1, isolated from a diarrhea piglet in
000 was a gift from Mr. Yongqing Qian (Shanghai Academy of
gricultural Sciences). The TGEs-1 virus was propagated in swine

esticle (ST) cells as described previously (Zhou et al., 2007). Twelve
ull-sib SPF mini-pigs at 25 days old (1.9–2.2 kg) raised in SPF ani-

al house in our institute were divided randomly into 6 groups as
hown in Table 1, in which the groups 1, 2, 3, 4 and 5 were served
s non-infection, viral infection alone, plasmid toxicity control,
EGFP-U6/P1 interference and pEGFP-U6/P2 interference group,
espectively. For the group 6, a plasmid mixture (pEGFP-U6/P1 + P2)
onsisting of an equal amount of pEGFP-U6/P1 and pEGFP-U6/P2
as injected. All the shRNA-expressing plasmids were diluted with

.1 M PBS (pH 7.4) and inoculated into mini-pigs via the precava
superior vena cava) after optimizing the dose of injection plasmids
y respectively introducing 1, 2, 3 and 4 mg/10 ml/pig of pEGFP-
6/P1. 24 h after injection, all mini-pigs except those in groups 1
nd 3, were infected with 10 ml TGEs-1-infected cell culture (104

CID50) orally. The experiment was performed twice, and data from
ach were pooled for analyses.

.3. Main clinical signs, histopathology and IIF analyses

After TGEV infection, we monitored daily the clinical signs
f mini-pigs, including appetite, body weight and defecation. All
ini-pigs were slaughtered by euthanasia at 3 d.p.i. Major organs,

ncluding liver, lung, kidney, spleen, jejunum, ileum and mesenteric
ymph node were collected aseptically for tissue sections and RT-
CR analysis. Paraffin-embedded tissue sections were prepared for
istopathology analysis, while frozen tissue sections were used for
GFP gene expression and indirect immunofluorescence (IIF) anal-
ses, during which swine anti-TGEV polyclonal antibodies and goat
nti-swine IgG conjugated by Texas Red (Santa Cruz) were used to
isualize TGEV-infected cells.

.4. RT-PCR analysis

Total RNAs in each tissue sample were extracted and purified
sing an RNAultra kit (Tiangen) according to the manufacturer’s

nstructions. The first strand cDNA was synthesized and amplified
sing a RT-PCR Kit AMV 3.0 (TaKaRa) according to the manufac-
urer’s protocol. Primers for TGEV N gene and swine �-actin gene
ere designed as followed: 5′-GAGCAGTGCCAAGCATTACCC-3′ (N
orward), 5′-GACTTCTATCTGGTCGCCATCTTC-3′ (N reverse), 5′-CG-
CCACCGCAAATGCTTC-3′ (�-actin forward) and 5′-AACCGAC-
GCTGTCACCTTCAC-3′ (�-actin reverse). The product amplified
rom TGEV N gene is 109 bp in length and that from swine �-actin
ene (a loading control) is 217 bp.
pEGFP-U6/P1 pEGFP-U6/P2 pEGFP-U6/P1 + P2
3 mg/10 ml/pig 3 mg/10 ml/pig 3 mg/10 ml/pig
TGEs-1 TGEs-1 TGEs-1
10 ml/pig 10 ml/pig 10 ml/pig

3. Results

3.1. shRNA-expressing plasmids were transcribed in mini-pigs

Based on in vitro study, both pEGFP-U6/P1 and pEGFP-U6/P2
targeting RdRP gene of TGEV had over 95% inhibition on viral repli-
cation, therefore they were further studied in vivo by injection into
mini-pigs. Location and transcription activity of the plasmids in
mini-pigs were evaluated by the expression of EGFP in different
tissues under a fluorescence microscope (Olympus). After 1, 2, 3
and 4 mg/10 ml/pig of pEGFP-U6/P1 were respectively injected into
four SPF mini-pigs, the EGFP was mainly found in spleen, mesen-
teric lymph node, jejunum and ileum (data not shown). Especially,
in the jejunum and ileum, the EGFP was abundant when injec-
tion of 3 or 4 mg/10 ml/pig of pEGFP-U6/P1 was performed. Thus,
3 mg/10 ml/pig of plasmids were selected as the dose used in this
study.

3.2. shRNA-expressing plasmids suppressed symptoms of TGE and
protected organs from TGEV destruction in mini-pigs

To investigate whether TGEV-specific shRNAs could protect
mini-pigs from TGEV infection, all the mini-pigs were treated as
the regimen shown in Table 1, and the clinical symptoms and
histopathological changes were analyzed. Mini-pigs in all of the
groups were healthy with a good appetite after the injection of
plasmids or PBS. 24 h later, all the mini-pigs except those in group
1 and group 3 were infected with TGEs-1 orally. 26 h after infec-
tion, the four mini-pigs in group 2 began to show typical clinical
symptoms of TGE: flabbiness and thinness, followed by diarrhea
and dehydration (3 of 4 mini-pigs). The situation lasted till they
were euthanized 3 d.p.i., while all of those in the other groups were
in good condition without any TGE-like symptoms.

According to histopathological analysis, three of the organ sam-
ples including the lung, spleen and mesenteric lymph node from
groups 2 to 6 did not show obvious differences from those in group
1 (data not shown), however, the other organs such as the liver,
kidney and small intestine in treated groups, as indicated in Fig. 1,
showed pathological changes at different degree after transfec-
tion and/or infection, especially those in group 2 were seriously
damaged. The representative pathological changes included liver
swelling, granular degeneration of hepatocytes (Fig. 1A and E),
granular degeneration of renal tubular epithelial cells, glomerular
and/or renal tubular swelling in kidney (Fig. 1B and F), intestinal
villi hyperemia, atrophy and destruction (Fig. 1C and G), and lym-
phocytes proliferation in the villi and lamina propria (Fig. 1D and H).
We classified these pathological changes from mild to severe with
the indication of (i) “−”, (ii) “±”, (iii) “+”, (iv) “++”, (v) “+++” and (vi)
“++++” as shown in Table 2. Based on careful analysis of different
organs, histopathological changes in groups 3–6 are usually milder
than which to the same organs in group 2 (Table 2 and Fig. 1), espe-

cially to the intestinal villi (Fig. 1C and G), which was the major
targeting organ of TGEV. Taken together, the clinical symptom
and histopathology analyses indicated that pEGFP-U6/P1, pEGFP-
U6/P2 as well as their mixture could protect mini-pig organs from
TGEV destruction. However, the synergy demonstrated by a mix-
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Fig. 1. shRNA-expressing plasmids protect mini-pig organs from TGEV destruction. All histology sections were stained with H&E. Panels A to D show tissue sections from
mini-pigs in group 2, panels E to H show tissue sections from mini-pigs in group 5, and panels I to L show tissue sections from mini-pigs in group 1. (A) Liver with severe
swelling and granular degeneration of hepatocytes (200×). (B) Kidney with serious granular degeneration of renal tubular epithelial cells, severe glomerular and renal tubular
swelling (200×). (C) Jejunum with villi severe atrophied and destructed (100×). (D) Ileum with severe lymphocytes proliferation in the lamina propria (100×). (E) Liver with
l e “+”
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ow-grade swelling and granular degeneration of hepatocytes, corresponding to th
welling, corresponding to the “+” in Table 2 (200×). (G) Jejunum with intact villi bu
(100×). (H) Ileum with lymphocytes proliferation in the lamina propria, correspon

J) Kidney with glomeruli and tubules in the normal state (200×). (K) Jejunum with

ure of pEGFP-U6/P1 and pEGFP-U6/P2 in this study was screened
y the effective inhibition showed by pEGFP-U6/P1 and pEGFP-
6/P2 alone, and further investigation was required in the next
ptimization test.

.3. shRNA-expressing plasmids inhibited TGEV replication in vivo
To understand the distribution pattern of TGEV in different
rgans and the effect of TGEV-specific shRNA on viral replica-
ion, IIF was performed on frozen tissue sections and viral RNA
as analyzed by RT-PCR. TGEV was observed widely in mini-pig
in Table 2 (200×). (F) Kidney with normal glomeruli but low-grade renal tubular
-grade hyperemia and lymphocytes proliferation, corresponding to the “+” in Table
to the “++” in Table 2 (100×). (I) Liver with hepatocytes in the normal state (200×).
the normal state (100×). (L) Ileum with lamina propria in the normal state (100×).

mesenteric lymph node, liver, jejunum, ileum and kidney in group
2 (Fig. 2F–J). Especially, in the mesenteric lymph node, jejunum
and ileum, large amount of viral antigens were detected. In con-
trast, no TGEV antigen was found in the organs of mini-pigs from
the other groups (Fig. 2A–E). In addition, RT-PCR analysis showed
that all the organs from mini-pigs in groups 4–6 were nega-

tive for the TGEV N gene (Fig. 3A), while those in group 2 were
positive (Fig. 3B). In conclusion, the analyses of IIF and RT-PCR
indicated that both shRNA-expressing plasmids pEGFP-U6/P1 and
pEGFP-U6/P2 could remarkably inhibit TGEV replication in mini-
pigs.
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Table 2
The quantity of mini-pigs with organ damage after different treatment and a score of damage degree of mini-pig organs in each group.

Organ damage Small intestine Liver Kidney

Villus Lamina propria Pig quantity Damage degree Pig quantity Damage degree

Pig quantity Damage degree Pig quantity Damage degree

Group 1 4 − 4 − 1/3 ±/− 4 −
Group 2 3/1 ++++/+++ 3/1 ++++/+++ 2/2 +++/++ 3/1 ++++/+++
Group 3 2/2 ±/− 1/2/1 ++/+/− 1/2/1 +/±/− 2/2 +/−
Group 4 2/2 ±/− 1/3 ++/+ 1/2/1 +/±/− 1/1/1/1 ++/+/±/−
Group 5 1/3 +/− 2/1/1 ++/+/± 1/1/2 +/±/− 1/1/2 +/±/−
Group 6 1/1/2 +/±/− 1/2/1 ++/+/− 1/1/1/1 ++/+/±/− 1/1/2 +/±/−

Pig quantity: the quantity of mini-pigs with organ damage after treatment; damage degree: the organ damage degree in each mini-pig. Each number in the “pig quantity”
was in accordance to the score in “damage degree” under the same organ in the same order.

Fig. 2. shRNA-expressing plasmids significantly reduced TGEV antigen in different organs. All sample frozen tissue sections were stained with Texas Red (original magnifi-
cation, 400×). Mesenteric lymph node (A), liver (B), jejunum (C), ileum (D) and kidney (E) were sampled from the mini-pig in group 4. Red spots indicated the TGEV-infected
cells. Mesenteric lymph node (F), liver (G), jejunum (H), ileum (I) and kidney (J) were sampled from the mini-pigs in group 2, served as the viral infection controls.
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o A: me
A N, BN,
g in gr
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ig. 3. shRNA-expressing plasmids remarkably inhibited TGEV RNA replication in d
rgans were sampled from the mini-pigs in group 2; M: 50 bp DNA ladder marker;
� , B� , C� , D� , E� , F� , G� are products of �-actin gene expressed in these organs; A
ene fragments, amplified successfully in all samples in group 2, were undetectable
. Discussion

RdRP is an essential protein encoded by RNA viruses, and is
onserved in TGEV genome. We had demonstrated that two TGEV-
pecific plasmids pEGFP-U6/P1 and pEGFP-U6/P2, both targeting
t organs. (A) All the organs were sampled from the mini-pigs in group 5; (B) all the
senteric lymph node; B: lung; C: liver; D: jejunum; E: ileum; F: kidney; G: spleen.
CN, DN, EN, FN, GN are products of the N gene of TGEV in these organs. The TGEV N
oup 5.
the RdRP gene, could effectively down-regulate TGEV replication
in vitro. In this study, we further confirmed a potential effect of the
two plasmids on TGEV replication in vivo.

As a coronavirus, TGEV has a restricted host range and tissue
tropism. The IIF and RT-PCR analyses (Figs. 2 and 3) indicated that
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troenteritis virus on porcine enterocytes. Adv. Exp. Med. Biol. 380, 325–
329.

Zhou, J.F., Hua, X.G., Cui, L., Zhu, J.G., Miao, D.N., Zou, Y., He, X.Z., Su, W.G., 2007.
J. Zhou et al. / Virus R

GEV can replicate in several organs in pigs, but they mainly dis-
ribute in swine small intestine, for the amino peptidase N (APN),
TGEV major receptor in pigs, is abundantly expressed in the api-

al membrane of the small intestine epithelial cells, and which has
bigger quantity and higher activity in small intestine than other
rgans. Through the APN most of infectious TGEV invade host small
ntestine epithelial cells and initiate viral replication (Delmas et al.,
992; Rossen et al., 1994; Weingartl and Derbyshire, 1994). In our
tudy, after the plasmids injected into mini-pigs via the precava,
he reporter gene EGFP expressed abundantly in small intestine
ells (data not shown). It indicated that the plasmids were effi-
iently delivered into small intestine cells, the target of TGEV, by
he method of precava injection. This may be a major reason why

small dose of shRNA-expressing plasmids (3 mg/piglet) could
ell protect mini-pigs from clinical symptoms and histopathol-

gy induced by TGEV infection (Delmas et al., 1992; Rossen et al.,
994; Weingartl and Derbyshire, 1995). The data also suggested
hat precava injection may be a good choice for treating animals
ith intestinal diseases as this route uses relatively short distance

o reach small intestine from the precava.
Based on RT-PCR analysis, TGEV propagation in all samples,

ncluding the lung, were effectively inhibited by transfected spe-
ific plasmids, but there was no obvious green fluorescence or
ed immunofluorescence in which compared to that in jejunum or
leum. Based on our observations, the background fluorescence in
he lung was more abundant than that in the other samples or pure
ultured cells (data not shown). Moreover, plasmid expression in
ung was poorer than that in intestine (see Section 2 in discussion).
o, we concluded that the high background fluorescence in lung
ampered the detection of fluorescence emitted by the plasmids.
ortunately, TGEV propagation was also less efficient in lung (the
eason discussed in Section 2 above) than that in small intestine
Fig. 3B). Therefore, though the expression of shRNA in lung was not
ighly active, it was enough to inhibit the same poor propagation
f TGEV in lung in the present study.

Some gene therapists found that RNAi not only could effectively
nhibit hepatitis B virus replication in mice, but also make the mice
uffer from liver toxicity (Couzin, 2006; Grimm and Kay, 2007).
ased on these, a plasmid toxicity control was also considered in
he present study. After the analysis of histopathology, some dam-
ges in the liver, kidney and lymphocytes proliferation in intestinal
amina propria were also found in some of the mini-pigs injected

ith plasmids and/or TGEV, indicating that plasmids would induce
mmune responses in mini-pigs, too. Therefore, changing the pat-
ern of siRNA or shRNA-expressing vector would be considered in
he future (Couzin, 2006; McBride et al., 2008). Taken together, our
ata shows a tremendous potential for shRNA-expressing vectors
o enable rapid and effective treatments for TGEV and other viruses
ith intestinal tropism in mini-pigs.
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