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Poliovirus (PV) is easily transferred to humans orally; however, no rodent model for oral infections has been
developed because of the alimentary tract’s low sensitivity to the virus. Here we showed that PV is inactivated
by the low pH of the gastric contents in mice. The addition of 3% NaHCO3 to the viral inoculum increased the
titer of virus reaching the small intestine through the stomach after intragastric inoculation of PV. Transgenic
mice (Tg) carrying the human PV receptor (hPVR/CD155) gene and lacking the alpha/beta interferon receptor
(IFNAR) gene (hPVR-Tg/IfnarKO) were sensitive to the oral administration of PV with 3% NaHCO3, whereas
hPVR-Tg expressing IFNAR were much less sensitive. The virus was detected in the epithelia of the small
intestine and proliferated in the alimentary tract of hPVR-Tg/IfnarKO. By the ninth day after the adminis-
tration of a virulent PV, the mice had died. These results suggest that IFNAR plays an important role in
determining permissivity in the alimentary tract as well as the generation of virus-specific immune responses
to PV via the oral route. Thus, hPVR-Tg/IfnarKO are considered to be the first oral infection model for PV,
although levels of anti-PV antibodies were not elevated dramatically in serum and intestinal secretions of
surviving mice when hPVR-Tg/IfnarKO were administered an attenuated PV.

Poliomyelitis is an acute disease of the central nervous sys-
tem (CNS) caused by poliovirus (PV), a human enterovirus
that belongs to the family Picornaviridae. In humans, an infec-
tion is initiated by oral ingestion of the virus, followed by
multiplication in the alimentary mucosa (2, 38), from which the
virus spreads through the bloodstream. Viremia is considered
essential for leading to paralytic poliomyelitis in humans. By
use of a PV-sensitive mouse model, previous studies (9, 44)
demonstrated that after intravenous inoculation, circulating
PV crosses the blood-brain barrier at a high rate, and a neural
dissemination pathway from the skeletal muscle without injury
is not the primary route by which the circulating virus dissem-
inates to the CNS. Along with the blood-brain barrier pathway
of dissemination, a neural pathway has been reported for hu-
mans (30), primates (11), and PV-sensitive transgenic mice
(Tg) carrying the human PV receptor (hPVR/CD155) gene
(31, 34); this pathway appears to be important in causing prov-
ocation poliomyelitis (9).

It has been proved that Tg carrying the hPVR gene (hPVR-
Tg) are susceptible to all three PV serotypes, 1, 2, and 3 (22,
35), although mice without the hPVR gene are generally not
susceptible to PV. This observation indicates that hPVR is the
most important determinant of the host range of PV. After

inoculation with PV by the intracerebral, intraspinal, intrave-
nous, or intramuscular route (10, 20–22, 33–35), hPVR-Tg
develop a flaccid paralysis in their limbs, which is clinically
similar to human poliomyelitis. However, in contrast to its
behavior in humans, PV does not replicate in the alimentary
tracts of hPVR-Tg after oral administration, even in animals
expressing high levels of hPVR in the intestinal epithelial cells
(45). This result suggests that the expression of hPVR in the
intestine is not solely responsible for the infection. It is also
known that nonhuman primates are highly susceptible to PV
by all routes except the oral route, yet the degree of oral
susceptibility depends on the species (12). Thus, although oral
infection is the most important route in humans, no adequate
animal model has been established so far.

After an oral infection with PV, the virus must overcome at
least three barriers before it can start to replicate efficiently in
the first target cells in the small intestine: (i) the gastric acid
solution, by which PV may be inactivated; (ii) inappropriate
distribution of hPVR, by which PV may not be ushered to the
correct target cells; and (iii) innate immunity, including inter-
feron (IFN) signaling, by which the replication of PV may be
hampered in the target cells (7). To know why orally adminis-
tered PV hardly causes any paralysis in animals other than
humans, we have to verify each step (see Fig. 7). In this report,
barrier ii is defined as cell susceptibility and barrier iii is de-
fined as cell permissivity.

To control poliomyelitis, attenuated PV strains of all three
serotypes have been developed and used effectively as oral
polio vaccines (37, 39). The attenuated Sabin strains can rep-
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licate well only in the alimentary tracts of humans without
showing neuropathogenicity, enough to elicit neutralizing an-
tibodies against PV after oral administration.

Picornaviruses are sensitive to IFNs (3, 5, 24, 28, 46). IFNs play
an essential role in the innate immune antiviral response. Re-
cently, Ida-Hosonuma et al. (13) found that deletion of the IFN-
�/� receptor (IFNAR) gene in hPVR-Tg (hPVR-Tg/IfnarKO)
resulted in the disruption of IFN-�/� signaling (27), which is an
important determinant of the tissue tropism and pathogenicity of
PV. Similarly, it has been reported that IFN-�/� plays an impor-
tant role in the pathogenicity and tissue tropism of some viruses,
including coxsackievirus and Theiler’s virus in the Picornaviridae
(6, 8, 26, 36, 42). These results suggest that not only hPVR (cell
susceptibility) but also IFN-�/� (cell permissivity) contributes to
the pathogenicity and tissue tropism of PV.

In this paper, we have clarified the instability of the virus in the
gastric environment, where the low pH of the gastric contents
inactivates PV. Furthermore, using hPVR-Tg with or without
IFNAR expression, we have shown that IFN-�/� plays a key role
in preventing PV from replicating in the intestines of mice.

MATERIALS AND METHODS

Viruses and cells. The virulent Mahoney strain [PV1(M)OM] and the aviru-
lent Sabin 1 strain [PV1(Sab)IC-0] of type 1 PV derived from infectious cDNA
clones pOM1 (41) and pVS(1)IC-0(T) (19), respectively, were employed in this
study. As other virulent strains, Lansing (type 2) and Leon (type 3) were used.

African green monkey kidney (AGMK) cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 5% newborn calf serum and
were used for the preparation of viruses, transfection with infectious cDNA
clones, and plaque assays.

Tg. The Tg strains used in this paper have been described previously (13). In
brief, mice of a transgenic strain, ICR-PVRTg21 (21, 22), were backcrossed with
C57BL/6 mice, and homozygotes with the C57BL/6 background (C57BL/6-
PVRTg21) were produced. In this report, strain C57BL/6-PVRTg21 is referred
to as PVRTg21. A129 mice, deficient in the Ifnar gene (27), were backcrossed
with C57BL/6 mice and then further crossed with PVRTg21 or MPVRTg25-61
(MPVRTg25) (43). MPVRTg25 express hPVR under the control of the mouse
PVR homolog (MPH) (25) regulatory gene. PVR�/� Ifnar�/� mice were ob-
tained by intercrossing these PVRTg21/IfnarKO (13) or MPVRTg25/IfnarKO.
All mice used were free of specific pathogens and were 7 to 10 weeks old. Mice
were treated according to the guidelines for the Care and Use of Laboratory
Animals of The University of Tokyo.

Assay of PV inactivation. PV1(M)OM (5 �l) was incubated at 37°C or 0°C for
the periods indicated with 45 �l of each solution, and then the titer of virus was
determined by a plaque assay. The pH 1 solution was 0.1 N HCl, the pH 2
solution was 0.01 N HCl, the pH 3 solution was 0.001 N HCl, and the pH 7
solution was saline. The pH of each solution was measured using pH test paper
at the start and end points of the incubation.

Administration of viruses. For sampling of the gastric contents, mice were
fasted overnight and then anesthetized with an intraperitoneal injection of 300 to
400 �l of ketamine (10 mg/ml) and xylazine (0.2 mg/ml) in saline. The stomach
was exposed, and the pylorus was ligated with silk thread. The mice were inoc-
ulated with 200 �l of saline by using a gastric tube, and the gastric contents were
collected. The gastric contents were centrifuged at 15,000 rpm for 10 min, and
the supernatant was filtered. The filtrate was used for the experiments.

The viruses were administered orally using quantitative water bottles (Drinko-
Measurer DM-G1; O’Hara & Co., Ltd., Japan). First, mice were fasted over-
night, and then 2 ml of a viral solution containing 3% NaHCO3 per mouse was
administered within 24 h using the water bottles. The time point for starting the
administration was taken as time zero. Twenty-four hours after the administra-
tion was started, the quantitative water bottles were replaced with conventional
water bottles.

Recovery of viruses from tissues. For determination of the titer of virus in the
tissues, the mice inoculated with the viruses were anesthetized and whole blood
was recovered from the right ventricle. Immediately, the mice were perfused with
saline through the left ventricle, and the tissues were excised. The tissues were
homogenized in DMEM without serum to prepare a 10% emulsion. The ho-

mogenates were centrifuged to remove any debris, and the supernatant contain-
ing the virus was subjected to a plaque assay.

Labeling of PV. PV was purified by a protocol described previously (16). HeLa
S3 cells were infected with PV1(M)OM at a multiplicity of infection of 10. The
cells were harvested at 7 h postinfection, and the virus was purified from cyto-
plasmic extracts of the infected cells by using DEAE-Sepharose CL-6B (GE
Healthcare Bio-Sciences KK) followed by centrifugation on a sucrose density
gradient and CsCl equilibrium centrifugation. Purified virus was desalted by gel
filtration on a PD-10 column (GE Healthcare Bio-Sciences KK) equilibrated
with phosphate-buffered saline [PBS(�)] (per liter, 8.00 g NaCl, 1.15 g
Na2HPO4, 0.20 g KCl, 0.10 g MgCl2 � 6H2O, 0.20 g KH2PO4 [pH 7.4]). The
concentration of poliovirions was determined by measuring the absorbance at
260 nm, where 1.0 optical density unit is regarded as equivalent to 9.4 � 1012

virions. The labeling of the virus is based on a protocol kindly provided by Lucas
Pelkmans (32). PV (0.4 mg at 0.4 mg/ml) was labeled with 0.39 �l of Alexa Fluor
555-succinimidyl ester (10 mg/ml in dimethyl sulfoxide) according to the manu-
facturer’s instructions (Invitrogen). These fluorophores react exclusively with
free amines, resulting in a stable carboxamide bond. Labeled virus was repurified
with NAP5 columns (GE Healthcare Bio-Sciences KK), dialyzed against
PBS(�), and stored at �80°C. The labeling ratio was 14 mol of dye per mol of
virus, and the specific infectivity of labeled virus was not reduced.

Detection of fluorescently labeled virus. After the MPVRTg25/IfnarKO were
anesthetized as described above, the intestines were exposed. The small intestine
was ligated with silk thread at two points. Labeled virus was injected into the
small intestine between the knots of the thread. One hour later, the injected
portion of the small intestine was excised and washed with saline. The small
intestine was directly observed under a confocal laser scanning microscope
(LSM510; Carl Zeiss MicroImaging GmbH). For preparation of fixed tissue
sections, the small intestine was immediately frozen in OCT compound (Sakura
Fine Technical Co., Ltd.). Tissue sections were prepared by using a Jung
CM3000 cryostat (Leica Instruments GmbH), mounted on 3-aminopropyltri-
ethoxysilane-coated slides (Matsunami Glass Industries, Ltd.), and dried. All the
staining procedures were performed at room temperature. First, the specimens
were fixed in PBS(�) containing 2% paraformaldehyde for 1 min and washed
four times in PBS(�). After treatment with 1.5% normal goat serum in PBS(�)
for 20 min, 1 �g/ml of fluorescein isothiocyanate-labeled Ulex europaeus agglu-
tinin-1 (UEA-1) was applied, and the specimens were incubated for 15 min and
then washed with PBS(�). Nucleic acids were stained with 50 nM SYTO59
(Invitrogen). The sections were mounted with 80% (vol/vol) glycerol in PBS(�)
and analyzed with a confocal laser scanning microscope.

Neutralizing assay. PVRTg21 and PVRTg21/IfnarKO were orally adminis-
tered 3 � 108 PFU of Sabin 1 along with 3% NaHCO3 within 37 h by using
quantitative water bottles. As a positive control, PVRTg21/IfnarKO were intra-
venously injected with 1 � 105 PFU of Sabin 1. Twenty-one days after the
administration, whole blood was collected from each mouse and serum was
prepared after centrifugation. After incubation of the serum at 45°C for 1 h, 100
PFU of Sabin 1 in 100 �l was mixed with 100 �l of serially diluted serum and
incubated for 1 h at 37°C. The virus-serum mixture was subjected to a plaque
assay. Neutralizing activity is expressed as the maximum denominator for the
dilution that can neutralize 100 PFU of Sabin 1.

RESULTS

Mouse gastric contents can inactivate PV. hPVR-Tg are
much less susceptible to orally administered PV than humans.
To explain this, we examined the stability of the virus during its
passage through the mouse stomach after oral administration
of PV. First, we examined whether a mouse gastric solution can
inactivate PV. Under anesthesia, the pylorus was ligated and
200 �l of saline was inoculated using a gastric tube. Right after
the inoculation, the gastric contents were collected, and the
supernatant obtained by centrifugation was used as a gastric
solution. As shown in Fig. 1A, 2 � 105 PFU of PV1(M)OM
was incubated at 37°C or 0°C for the times indicated with or
without the gastric solution from Tg or non-Tg. When PV was
incubated at 37°C with the gastric solution from Tg or non-Tg,
the titer of the virus was apparently reduced, whereas PV
incubated with saline at 37°C for 4 h or PV just after mixing
with the gastric solution showed no reduction. These results
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suggest that the gastric solution inactivated PV at 37°C inde-
pendently of hPVR expression in mice.

Next, we investigated which factor influenced the inactiva-
tion. To examine the effect of low pH, 1 � 105 PFU of
PV1(M)OM was incubated either with an HCl-containing so-
lution at pH 1, pH 2, or pH 3, with saline (pH 7), or with the
gastric solution, with or without NaHCO3, either unheated or
heated to inactivate the enzymatic activities. The gastric solu-
tion had a pH of �1 without supplementation and a pH of 9
after it was mixed with NaHCO3. As shown in Fig. 1B, PV was
inactivated by the pH 2 and pH 3 solutions, as well as by the
gastric solution after incubation at 37°C, but not by saline (pH
7). With the pH 1 solution, PV was inactivated without incu-
bation at 37°C or 0°C. These results suggest that a low pH can
inactivate PV. To confirm the effect of the low pH, the gastric
solution with NaHCO3 was incubated with PV. The pH 9
gastric solution did not inactivate PV even after incubation at
37°C. As a control, a saline solution with NaHCO3 (pH 9) was
examined; it had no effect on the viral titer. These results
suggest that the low pH of the gastric solution leads to inacti-
vation of the virus. When HEPES was used instead of
NaHCO3 to bring the viral solution to a pH of 9, the titer of
virus was not decreased, either (data not shown). This result

further supports the dependence of the PV-inactivating effect
on a low pH. Finally, our experiment aimed to determine
whether gastric enzymatic activities affect the infectivity of the
virus. The enzymatic activities in the gastric solution were
eliminated by heating at 95°C for 5 min. The heated gastric
solution inactivated the virus after incubation at 37°C similarly
to the unheated gastric solution without NaHCO3. This result
suggests that the enzymatic activities in the gastric solution do
not affect the infectivity of PV under the conditions used.

Efficient delivery of PV to the intestine after intragastric
inoculation with a pH neutralizer. To examine the survival rate
of the virus at a low pH in the gastric environment in vivo, an
assay of infectious PV was conducted after the virus was incu-
bated in the stomach (Fig. 2A). Under anesthesia, the pylori
were ligated and the mice were intragastrically inoculated with
7.8 � 107 PFU of PV/500 �l with or without 3% NaHCO3 by
using a gastric tube. Five minutes after inoculation, the gastric
contents were quickly recovered and the titer of the virus was
determined by a plaque assay. When the mice were inoculated
with PV without 3% NaHCO3, the titer was less than 0.1% of
the original amount inoculated. On the other hand, when the
mice were inoculated with PV together with 3% NaHCO3,
around 20% of the inoculated virus was recovered from the
stomach. These results suggest that PV can be inactivated by
gastric contents in vivo similarly to the inactivation in vitro
(Fig. 1). As shown in Fig. 1B, the virus with the gastric solution
containing 3% NaHCO3 exhibited no loss of titer, whereas the
virus inoculated intragastrically with 3% NaHCO3 showed an
80% loss of titer in vivo (Fig. 2A). The gastric solution used for
the in vitro experiments had been diluted with saline, which
may have resulted in the minor effect on the inactivation of PV.

FIG. 1. Inactivation of PV with a mouse gastric solution.
(A) PV1(M)OM at 2 � 105 PFU/5 �l was incubated at 37°C or 0°C for
the periods indicated with or without 45 �l of a gastric solution from
PVRTg21 (Tg) or C57BL/6 (non-Tg) mice, and then the titer of virus
was determined by a plaque assay. As a control, PV was incubated with
45 �l of saline. Three animals were used per group. (B) PV1(M)OM
at 1 � 105 PFU/5 �l was incubated at 37°C or 0°C for the periods
indicated with 45 �l of each solution. After the incubation, the titer of
virus was determined by a plaque assay. Open bars, samples just after
mixing; solid bars, incubation at 37°C for 4 h; shaded bars, incubation
at 0°C for 4 h. Asterisks, nondetectable titers. ND, not detected.

FIG. 2. Effect of passage through gastric contents on the virus titer
after intragastric inoculation of mice with PV. (A) The effect of mouse
gastric contents in the stomach on the retention of PV was examined.
Under anesthesia, the pylorus was ligated and MPVRTg25 were in-
tragastrically inoculated with 7.8 � 107 PFU of PV1(M)OM/500 �l
with or without 3% NaHCO3 by using a gastric tube. Five minutes after
inoculation, the gastric contents were quickly recovered and the virus
was detected by a plaque assay. Each bar represents an individual
mouse. The black area indicates the titer detected in the gastric con-
tents, and the white area indicates the decrease in the inoculated titer.
(B) The rate of recovery of the virus from the small intestines of
MPVRTg25 was examined after intragastric inoculation with 7.8 � 107

PFU of PV1(M)OM/500 �l with or without 3% NaHCO3. Four hours
after the inoculation, the contents of the small intestinal lumen were
recovered and the virus was detected by a plaque assay. ND, not detected.
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Next, we examined how much virus can reach the small
intestine from the stomach after intragastric inoculation using
a gastric tube. The rate of recovery of the virus from the small
intestine was examined after intragastric inoculation of 7.8 �
107 PFU of PV with or without 3% NaHCO3 by using a gastric
tube. Four hours after inoculation, the contents of the entire
small intestine were recovered and the titer of the virus was
determined by a plaque assay (Fig. 2B). For mice inoculated
with PV without 3% NaHCO3, approximately 103 PFU/small
intestinal lumen was recovered, whereas for mice inoculated
with PV together with 3% NaHCO3, about 105 PFU/small
intestinal lumen was recovered. These results indicate that
NaHCO3 increased the recovery of the virus from the small
intestinal lumen after intragastric inoculation with PV.

To know whether there is a reduction in the titer of the virus
during the oral administration period (24 h), the stability of PV
with 3% NaHCO3 after 24 h was examined. The pH of a 3%
NaHCO3 solution was measured by pH test paper and deter-
mined to be 9. The titer was examined after incubation for 24 h
at 0°C, room temperature, or 37°C (Fig. 3A and B). When
PV1(M)OM was incubated with 3% NaHCO3 or with H2O,
the titer did not decrease at 0°C or at room temperature. On
the other hand, incubation of PV1(M)OM with 3% NaHCO3

at 37°C reduced the titer by approximately 5 orders of magni-
tude, whereas incubation with H2O at this temperature caused
only about a 1-log-unit reduction (Fig. 3A). As for Sabin 1,
when the virus was incubated at 0°C with 3% NaHCO3 or with
H2O, no reduction in the titer was observed, whereas incuba-
tion at a higher temperature resulted in a reduction in the titer.
Incubation of Sabin 1 with 3% NaHCO3 or with H2O at room
temperature caused about a twofold reduction in the titer
compared to that at 0°C. At 37°C, incubation of Sabin 1 with
3% NaHCO3 reduced the titer by roughly 6 orders of magni-
tude, whereas incubation with H2O caused only about a three-
fold reduction (Fig. 3B). These results suggest that incubation
at room temperature for 24 h has only a minor effect on the
titer and that incubation at 37°C for 24 h decreases the titer
more severely, especially when the viral solution contains
NaHCO3. The relatively high pH of the 3% NaHCO3 solution
might have led to the instability of the viral RNA genome and
virion particle. As for PV type 2 and 3 strains, incubation with
3% NaHCO3 had only a minor effect on Leon, but Lansing
showed a �1-log-unit decrease in the titer after incubation
with NaHCO3 even at room temperature for 24 h (data not

shown). These results suggest that the stability of PV with
NaHCO3 depends on the viral strain.

Effects of IFN-�/� signaling on the cell permissivity of orally
ingested PV. To test whether PV orally ingested with 3%
NaHCO3 can cause paralysis in hPVR-Tg, PV with 3% NaHCO3

was orally administered to PVRTg21 or to PVRTg21/IfnarKO,
which are deficient in Ifnar. To eliminate the possibility that the
gastric tube might damage epithelia in the esophagus, 3 � 108

PFU of PV1(M)OM with 3% NaHCO3 was orally administered
without using a gastric tube. Eighty percent of PVRTg21 survived,
whereas all the PVRTg21/IfnarKO showed paralysis and died
within 9 days of PV administration (Fig. 4A). These results sug-
gest that PVRTg21/IfnarKO are more susceptible to orally ad-
ministered PV1(M)OM than PVRTg21. The susceptibility of

FIG. 3. PV titer after incubation for 24 h with or without NaHCO3.
A total of 1.5 � 108 PFU/ml of PV1(M)OM (A) or Sabin 1 (B) was
incubated at the indicated temperatures for 24 h with (triangles) or
without (circles) 3% NaHCO3. The titer of virus after incubation was
determined by a plaque assay. rt, room temperature. ND, not detected.

FIG. 4. Survival rates of mice after oral administration of PV. (A
and C) PVRTg21/IfnarKO (solid squares) or PVRTg21 (open trian-
gles) were orally administered 3 � 108 PFU/2 ml of PV1(M)OM (A) or
Sabin 1 (C), and the rate of survival was determined. Alternatively,
PVRTg21/IfnarKO were intravenously injected (open circles) with 1 �
105 PFU of Sabin 1/100 �l (C). Five (A), six (C) (oral administration),
or nine (C) (intravenous injection) mice were observed for each group.
(B) Similarly, MPVRTg25/IfnarKO (solid squares) or MPVRTg25
(open triangles) were orally administered 3 � 108 PFU of
PV1(M)OM/2 ml. Five or six mice were observed per group. The rate
of survival was determined.
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FIG. 5. Titers of PV recovered in tissues after oral administration of PV. (A) Virus was extracted from tissues of mice (PVRTg21 [open
triangles], PVRTg21/IfnarKO [solid triangles], MPVRTg25 [open circles], MPVRTg25/IfnarKO [solid circles], C57BL/6 [open squares], and
C57BL/6/IfnarKO [solid squares]) 1, 2, and 3 days after the administration of 3 � 108 PFU of PV1(M)OM/2 ml. The vertical axis shows the amount
(PFU) of PV detected in tissues by the plaque assay. USI, upper small intestine; LSI, lower small intestine. (B) Virus was extracted from each tissue
of PVRTg21/IfnarKO every 24 h after oral administration of 3 � 108 PFU of PV1(M)OM/2 ml (a to f) or intravenous injection of 1 � 105 PFU
of PV1(M)OM/100 �l (g to l). Each point indicates one mouse. ND, not detected.
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PVRTg21/IfnarKO is dependent on the titer of virus (data not
shown).

To confirm the effect of IFN signaling on the pathogenicity
of orally administered PV in mice, another Tg strain
(MPVRTg25) was examined, because hPVR is apparently de-
tected in the small intestine and liver of MPVRTg25 by West-
ern blotting (43). MPVRTg25 and MPVRTg25/IfnarKO were
orally administered PV with 3% NaHCO3 without using a
gastric tube, and the clinical symptoms were observed (Fig.
4B). In agreement with the results obtained with PVRTg21
and PVRTg21/IfnarKO, all the MPVRTg25/IfnarKO died
whereas only 33% of MPVRTg25 died. These results suggest
that MPVRTg25/IfnarKO are more susceptible to oral admin-
istration of PV than MPVRTg25. These findings further sup-
port the notion that IFN signaling contributes to cell permis-
sivity in mice orally administered PV. As for the clinical
symptoms, MPVRTg25/IfnarKO tend to show hepatocirrhosis
rather than paralysis, and it is highly possible that these mice
died of a hepatic disorder. Nevertheless, one can observe pa-
ralysis after intracerebral inoculation of MPVRTg25/IfnarKO
(data not shown). This result suggests that the virus can rep-
licate in the CNS and cause paralysis even in MPVRTg25/
IfnarKO.

When PVRTg21/IfnarKO or PVRTg21 were orally admin-
istered Sabin 1 with 3% NaHCO3 without use of a gastric tube,
more than 30% of PVRTg21/IfnarKO showed paralysis and
died, whereas all the PVRTg21 survived for 21 days (Fig. 4C).
These results suggest that PVRTg21/IfnarKO were more sus-
ceptible to oral administration of Sabin 1 than PVRTg21.
PVRTg21/IfnarKO also showed susceptibility to the type 2
strain Lansing or the type 3 strain Leon despite the fact that
that Lansing was less pathogenic than PV1(M)OM or Leon
(data not shown). Together with these results, our study
strongly suggested that IFN signaling plays a key role in cell
permissivity following oral administration of PV, although we
cannot exclude the possibility that components of the innate
immune system other than IFN-�/� affect the cell permissivity.

Time course of the replication of PV in tissues after oral
administration. To assess the ability of PV to replicate in
different tissues after oral administration, the titers of the virus
in the small intestine, colon, nasopharynx-associated lymphoid
tissue (NALT), esophagus, spinal cord, and plasma were de-
termined at 1, 2, and 3 days after administration to mice. PV
was orally administered to PVRTg21, PVRTg21/IfnarKO,
MPVRTg25, MPVRTg25/IfnarKO, C57BL/6, and C57BL/6/
IfnarKO, and the tissues were excised each day after adminis-
tration. The tissues were then homogenized, and the titers of
the virus in the solutions were determined by a plaque assay
(Fig. 5A). In all the tissues tested, titers were always higher in
Ifnar knockout hPVR-Tg than in Ifnar-expressing hPVR-Tg.
For instance, the titers were higher in PVRTg21/IfnarKO than
in PVRTg21, and similarly, they were higher in MPVRTg25/
IfnarKO than in MPVRTg25 (Fig. 5Aa to c, e, and f). As for
C57BL/6/IfnarKO and C57BL/6 mice, the titers in the upper
small intestine were negligible (Fig. 5Aa). These results sug-
gest that PV can replicate in all of the tissues examined more
efficiently in Ifnar knockout mice than in Ifnar-expressing mice.

As for plasma, the virus caused viremia from the second day
in PVRTg21/IfnarKO, MPVRTg25, and MPVRTg25/IfnarKO
(except for one animal that showed slight viremia on the first

day) (Fig. 5Ad). The results imply that the virus leaks into the
blood after replicating in tissues, probably the alimentary tract,
because little virus was detected in plasma on the first day.

We next investigated the chronological titer of the virus in
different tissues after an oral or systemic challenge (Fig. 5B).
When PVRTg21/IfnarKO were intravenously inoculated with
PV1(M)OM, the virus had started replicating extensively in all
tissues examined on the third day (Fig. 5Bg to l). Almost all the
mice injected intravenously with the virus developed paralysis
and died on the fifth day (data not shown). Following oral
administration of PV1(M)OM to PVRTg21/IfnarKO, all the
tissues examined showed a burst of proliferation of the virus on
the fifth day (Fig. 5Ba to f), and the mice began to die on the
fifth day (Fig. 4A). These findings indicate that the burst of
replication after oral administration may be due to the virus
that appeared on the second day in the bloodstream, because
such a burst took 3 days after the intravenous injection. It
seems feasible that the paralysis after oral administration of
the virus is mainly due to the circulating virus that invaded
from the alimentary tract.

Inoculated PV was incorporated into mouse small intestinal
epithelia. To examine which kind of cells in the alimentary
tract incorporate the virus, fluorescently labeled PV was in-
jected into the ligated small intestine in MPVRTg25/IfnarKO.
One hour after the injection, the ligated tissue was subjected to
confocal laser scanning microscopic analysis. As shown in Fig.
6Ab and c, the virus was detected inside the microvillus,
whereas no fluorescence was detected in the small intestine
without the injection (Fig. 6Ae and f). When the intestine was
observed after frozen sectioning, the virus was detected in the
cytoplasm of the epithelial cells in the microvilli (Fig. 6Bd and
e). No fluorescence was detected in the small intestine without
injection of the virus (Fig. 6Bi and j). These results suggest that
the virus inside the cavity of the small intestine can be incor-
porated into the epithelial cells. It is highly possible that the
incorporated virus starts to replicate in these epithelial cells.
To further clarify which kinds of cells incorporate the virus
from the intestinal cavity, fluorescently labeled UEA-1 (spe-
cific for �-L-fucose residues) was used, since UEA-1 has been
shown to possess high affinity for selected intestinal epithelial
cells, including mouse microfold (M) cells and goblet cells (4,
17). As shown in Fig. 6C, PV was not detected in the UEA-1-
positive fraction of epithelial cells. On the other hand, the cells
that contained PV were the UEA-1-negative fraction in the
epithelia (Fig. 6B). It has been reported that some microor-
ganisms, such as Salmonella enterica serovar Typhimurium and
Yersinia pseudotuberculosis, can be efficiently incorporated into
M cells under similar experimental conditions (15). These re-
sults suggest that in the IFN-�/�-free environment of the in-
testinal epithelium, PV is incorporated into the UEA-1-nega-
tive fraction of epithelial cells, although we cannot exclude the
possibility that M cells are involved in the dissemination of the
virus and the subsequent infection process.

Oral administration of attenuated PV did not effectively
generate neutralizing antibodies in hPVR-Tg/IfnarKO. Inas-
much as orally administered PV is incorporated into the intes-
tinal epithelium and starts replicating in hPVR-Tg/IfnarKO, it
is important to examine whether oral administration of atten-
uated PV can induce the production of neutralizing antibodies
in mice. To this end, attenuated PV was orally administered to
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FIG. 6. Fluorescently labeled PV is detected in intestinal epithelia. Alexa Fluor 555-labeled PV1(M)OM (1.5 � 107 PFU/10 �l) was injected
into the ligated small intestines of MPVRTg25/IfnarKO (top row of images in each panel). PV-negative controls were also used (bottom row in
each panel). One hour after injection, the ligated portion was excised and subjected to confocal laser scanning microscopy. Intestines were observed
without (A) or with (B and C) fixation and frozen sectioning. (B) UEA-1-negative epithelia; (C) epithelia that contain UEA-1-positive cells. Red,
Alexa Fluor 555-labeled PV1(M)OM (Ab, c, e, and f; Bd, e, i, and j; Cd, e, i, and j); blue, nuclei (Bb, e, g, and j; Cb, e, g, and j); green, fluorescein
isothiocyanate-labeled UEA-1 (Bc, e, h, and j; Cc, e, h, and j). Aa and d, Ba and f, and Ca and f show bright-field images only. Ac and f, Be and
j, and Ce and j show merged images of bright-field and fluorescence micrographs. Bars, 100 �m.
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PVRTg21/IfnarKO or PVRTg21. Serum was collected 21 days
after virus administration, and the neutralizing activity in the
serum was assayed. In the case of PVRTg21/IfnarKO, all the
mice showed neutralizing activity after intravenous inoculation
of 105 PFU of Sabin 1 whereas no mouse showed neutralizing
activity after oral administration of 3 � 108 PFU of the strain
or DMEM (Table 1), although the virus was detected in the
intestine until 4 days after oral administration of Sabin 1 (data
not shown). As for PVRTg21, no mouse showed neutralizing
activity after oral administration of 3 � 108 PFU of Sabin 1.
Similar results were obtained for MPVRTg25/IfnarKO after
oral administration of the strain (data not shown). These re-
sults suggest that oral administration of Sabin 1 to PVRTg21/
IfnarKO or MPVRTg25/IfnarKO was ineffective at raising the
neutralizing activity.

DISCUSSION

Some of the recent outbreaks in areas certified as being clear
of polio were caused by a circulating vaccine-derived PV that
had mutated from the oral polio vaccine used to prevent polio
(18). This suggests to us a need to develop new polio vaccines
or antipolio drugs for the control of polio outbreaks. For that
purpose, it is necessary to establish a useful animal model that
mimics the natural infection route and subsequent disease
development in humans in order to evaluate candidate vac-
cines or drugs.

A paper about the effects of pH on PV infectivity (40)
indicates that PV can be easily inactivated at pH 3.0 or 9.0 at
30°C, but it depends on the buffers. This means that, at least at
pH 3.0 or 9.0, the stability of viral infectivity is determined by
the stability of the virions in particular buffers.

There is a discrepancy in the data obtained at pH 1 between
the HCl solution and the gastric solution (Fig. 1B). The fact
that the pH was measured using pH test paper and we cannot
know the value precisely might explain the discrepancy, espe-
cially at the extremely low pH.

The present study has shown that IFNAR plays an important
role in the infection and multiplication of orally administered
PV in the small intestine of hPVR-Tg (Fig. 4 and 5A). The
deletion of IFNAR resulted in successful infection by oral PV
via the intestinal epithelium and the subsequent development
of clinical symptoms. Viremia seems to be essential for the
symptoms to appear (Fig. 5B), and a histopathology for similar
symptoms caused by artificial viremia (intravenous inocula-
tion) in hPVR-Tg/IfnarKO has been reported (13). We thus
established an oral administration system using hPVR-Tg/

IfnarKO, with which one can assess the 100% lethal doses of
PV strains. This is the first in vivo system in which all the
animals showed paralysis after oral administration of PV.

From the results presented in Fig. 5B, the orally adminis-
tered virus disseminates mainly through the bloodstream in
mice, although other, minor routes might be involved. It is
possible, for example, that a neural pathway exists from the
alimentary tract to the CNS through the vagus nerve or from
the skeletal muscle to the CNS through the peripheral nerve.
After PVRTg21/IfnarKO were orally administered 3 � 108

PFU of Sabin 1, low titers (from 4 � 101 PFU/plasma to 8 �
102 PFU/plasma) of virus were detected in the plasma for 2 of
3 mice 3 days after administration and for 1 of 3 mice 4 days
after administration. In spite of the ineffective serum conver-
sion (Table 1), some lethal infection occurs after oral admin-
istration of Sabin 1 in PVRTg21/IfnarKO (Fig. 4C). These
results imply that the neural pathway from the alimentary tract
to the CNS might contribute to death after oral administration
of Sabin 1 in PVRTg21/IfnarKO. After oral administration, the
titer of virus in skeletal muscle did not rise until the virus
started replicating efficiently in all the tissues examined (data
not shown). This result implies that the neural pathway from
skeletal muscle to the CNS is not essential, at least in this
system. Nevertheless, we do not know which pathway has an
essential role in causing paralysis and death.

It is possible that the virus was incorporated accidentally via
the intranasal pathway after oral administration. In our exper-
iments, when 1.5 � 108 PFU/ml of the Mahoney strain was
orally administered to PVRTg21, the mice showed hardly any
signs of paralysis. This concentration was higher than 106

PFU/20 �l, which was enough to cause death among 60% of
intranasally inoculated PVRTg21 (29). Furthermore, the dis-
tribution of the virus after oral administration differs from that
after intranasal inoculation. From these results, it is unlikely
that orally administered virus enters the intranasal pathway.

We have shown previously that hPVR is expressed in the
small intestines of MPVRTg25 but is not detected in those of
PVRTg21 by Western blotting (43). As for immunohistochem-
istry, hPVR expression was barely observed in the intestinal
epithelium and was not detected in germinal centers within
Peyer’s patches in PVRTg21 (14), and an assertive hPVR an-
tigen was not detected in small intestinal epithelia in PVRTg21
or MPVRTg25 (M. Takano-Maruyama and H. Ohno, personal
communication). These results suggest that hPVR is not ex-
pressed at high levels in the small intestines of PVRTg21,
MPVRTg25, or the Ifnar knockout versions of these mice,
although it is possible that the levels of hPVR expression on
the intestinal epithelia differ among these mice. Incorporated
fluorescently labeled virus was observed in the intestines of
MPVRTg25/IfnarKO but not PVRTg21/IfnarKO or C57BL/6
mice (data not shown). This might be due to the level of hPVR
expression on the apical side of the intestinal epithelia. Despite
the fact that PVRTg21 express little if any hPVR in the small
intestine, the titers of virus in the upper small intestines of
PVRTg21 and PVRTg21/IfnarKO 1 day after administration
were �102-fold higher than those in C57BL/6 mice and
C57BL/6/IfnarKO, respectively (Fig. 5A), and PVRTg21/
IfnarKO showed susceptibility to oral administration of PV
(Fig. 4A and C and 5). These results suggest that hPVR ex-

TABLE 1. PV-neutralizing activity in serum after oral
administration of Sabin 1

Mouse
strain Substance Route of

administration

Amt of
immunizing

virus
(PFU/mouse)

Neutralizing
activitya

PVRTg21/
IfnarKO

DMEM Oral 0 0/6
Sabin 1 Oral 3 � 108 0/4
Sabin 1 Intravenous 1 � 105 8/8

PVRTg21 Sabin 1 Oral 3 � 108 0/6

a Expressed as the number of mice whose serum showed neutralizing activity
(�16)/number of mice examined.

VOL. 81, 2007 ORAL INFECTION SYSTEM WITH POLIOVIRUS IN MICE 7909



pressed in the small intestines of PVRTg21/IfnarKO contrib-
utes to cell susceptibility to orally administered PV.

We observed hepatocirrhosis in MPVRTg25/IfnarKO after
oral administration of PV1(M)OM despite the fact that
MPVRTg25 do not show hepatocirrhosis. These results sug-
gest that MPVRTg25/IfnarKO show irregular tissue tropism of
the virus compared to MPVRTg25, which have a native im-
mune system. A previous paper has reported that viral antigen-
positive cells were detected in the liver 1 day after intravenous
inoculation of 2 � 107 PFU of PV1(M)OM into MPVRTg25/
IfnarKO (13). Moreover, a high titer of the virus was recovered
2 days after oral administration of 3 � 108 PFU of PV1(M)OM
to MPVRTg25/IfnarKO (data not shown). It seems that this
occurred because hPVR in the liver causes the virus to repli-
cate in MPVRTg25/IfnarKO mice. Indeed, we have reported
previously that the liver in MPVRTg25 expresses hPVR (43).
Moreover, the virus in the bloodstream can easily access the
liver (1). Considering these results, it is feasible that the vire-
mia led to a liver infection that then caused a secondary vire-
mia, leading to invasion of the CNS in MPVRTg25/IfnarKO.
As for PVRTg21/IfnarKO, it has been reported that the dis-
ruption of IFNAR enables the virus to replicate in nonneuro-
nal tissues, although both PVRTg21 and PVRTg21/IfnarKO
developed paralysis by similar points in time after intravenous
inoculation (13). All together, the oral infection system using
hPVR-Tg/IfnarKO does not serve as an adequate animal
model for analyzing virus tissue tropism in the whole body,
although the clinical symptoms seen in PVRTg21/IfnarKO
were similar to those in PVRTg21. This notion is also sup-
ported by the fact that healthy humans are highly susceptible to
poliovirus infection in spite of a robust innate immune re-
sponse. Nevertheless, this oral administration system might be
applicable to the study of initial infection events in vivo. It is
also worth elucidating the role of the IFNAR-related signaling
cascade in the infection of intestinal epithelial cells.

We succeeded in detecting the fluorescently labeled virus in
the small intestine 1 h after its injection (Fig. 6) but failed to
detect the viral antigen 2 days after oral administration of the
virus using immunohistochemistry (data not shown). It is dif-
ficult to detect antigens in the intestine because of high back-
ground levels and the quick turnover of infected cells. It is
possible that the virus does not replicate prominently in the
intestinal epithelia or that the infected cells tend to drop out
easily from the epithelial layer. Although the titers of virus in
other alimentary tissues were relatively low after oral admin-
istration of the virus (Fig. 5A) and the viral antigen was not
detected in the NALT, esophagus, or colon 2 days after oral
administration (data not shown), we cannot exclude the pos-
sibility that PV replicates in the alimentary tract early in the
course of infection. Alternatively, the fluorescence observed
could have derived from inactive PV taken up by cells during
a nonproductive infection.

The mechanism for oral infection with PV in humans has not
been made clear, though it is possible that PV can replicate in
and/or permeate M cells or lymphatic tissues in humans, be-
cause attenuated PV vaccine strains can readily generate neu-
tralizing antibodies. In the present study, oral administration
of Sabin 1 did not lead to the generation of neutralizing activity
in the serum of PVRTg21/IfnarKO (Table 1) and MPVRTg25/
IfnarKO (data not shown) or the binding activity of immuno-

globulin A’s in feces (data not shown), despite the fact that the
virus proliferated in the upper small intestine (data not
shown). Our results also showed that PV was not preferentially
detected in the UEA-1 fraction of epithelial cells, which con-
tains M cells, in hPVR-Tg/IfnarKO (Fig. 6C), and the virus did
not proliferate efficiently in NALT, a lymphatic tissue (Fig.
5Ae and Be). These results may correlate with the difficulty of
raising the neutralizing activity after oral administration of the
virus in hPVR-Tg/IfnarKO. However, it should be emphasized
that a lack of IFNAR hampered enhancement of the antibody-
evoked response (23). Thus, the phenomena we observed
might be due to the lack of IFNAR. Although we still could not
reconcile the discrepancy between humans and the murine
model in the exact site of PV invasion in the intestinal tract, the
present study offers a new opportunity to address the issue,
since hPVR-Tg/IfnarKO are susceptible to orally administered
PV for the initiation of infection and subsequent development
of disease symptoms. And it is probable that the expression of
hPVR in different intestinal cells is important in determining
the heightened permissiveness of oral PV administration in
humans compared to rodents. PV is highly successful at infec-
tion of the alimentary tracts of humans, and intestinal secre-
tion of the virus can persist for months, even in healthy indi-
viduals, regardless of age. This means that the virus infects and
replicates in some cells or tissues in the human gastrointestinal
tract in spite of a possible early innate immune response.
However, it is also possible that the innate immune response of
humans is weaker than that of rodents.

The presumed barriers to orally ingested PV are shown in
Fig. 7. First, the ingested virus enters the stomach and expe-
riences a low-pH environment (the first barrier). If the virus
overcomes this, it has to find the appropriate receptor in order
to enter the intestinal cells (the second barrier, cell suscepti-
bility). Then the virus can start replicating in the cells depend-
ing on the lack of an IFN system (the third barrier, cell per-
missivity). Finally, the virus probably invades the bloodstream.
In this report, we clarified that the low pH of the gastric

FIG. 7. Presumed PV dissemination routes and characteristics. The
presumed barriers to orally ingested PV are shown. First, the ingested
virus enters the stomach and suffers a low-pH environment (the first
barrier). Second, the virus has to find the appropriate receptor in order
to enter the intestinal cells (the second barrier, cell susceptibility).
Third, the virus can start replicating in the cells depending on the lack
of an IFN system (the third barrier, cell permissivity). Finally, the virus
probably invades the bloodstream.
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environment inactivates PV and decreases the titer of virus
that reaches the intestine, and the lack of an IFN system allows
the virus to replicate in the intestine more efficiently. These
three barriers may serve to protect individuals from viremia.
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