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ABSTRACT Despite a great deal of prior research, the early pathogenic events in
natural oral poliovirus infection remain poorly defined. To establish a model for
study, we infected 39 macaques by feeding them single high doses of the virulent
Mahoney strain of wild type 1 poliovirus. Doses ranging from 107 to 10° 50% tissue
culture infective doses (TCID,,) consistently infected all the animals, and many mon-
keys receiving 108 or 10° TCID,, developed paralysis. There was no apparent differ-
ence in the susceptibilities of the three macaque species (rhesus, cynomolgus, and
bonnet) used. Virus excretion in stool and nasopharynges was consistently observed,
with occasional viremia, and virus was isolated from tonsils, gut mucosa, and drain-
ing lymph nodes. Viral replication proteins were detected in both epithelial and lym-
phoid cell populations expressing CD155 in the tonsil and intestine, as well as in
spinal cord neurons. Necrosis was observed in these three cell types, and viral repli-
cation in the tonsil/gut was associated with histopathologic destruction and inflam-
mation. The sustained response of neutralizing antibody correlated temporally with
resolution of viremia and termination of virus shedding in oropharynges and feces.
For the first time, this model demonstrates that early in the infectious process, polio-
virus replication occurs in both epithelial cells (explaining virus shedding in the gas-
trointestinal tract) and lymphoid/monocytic cells in tonsils and Peyer’s patches (ex-
plaining viremia), extending previous studies of poliovirus pathogenesis in humans.
Because the model recapitulates human poliovirus infection and poliomyelitis, it can
be used to study polio pathogenesis and to assess the efficacy of candidate antiviral
drugs and new vaccines.

IMPORTANCE Early pathogenic events of poliovirus infection remain largely unde-
fined, and there is a lack of animal models mimicking natural oral human infection
leading to paralytic poliomyelitis. All 39 macaques fed with single high doses rang-
ing from 107 to 10° TCID5, Mahoney type 1 virus were infected, and many of the
monkeys developed paralysis. Virus excretion in stool and nasopharynges was con-
sistently observed, with occasional viremia; tonsil, mesentery lymph nodes, and in-
testinal mucosa served as major target sites of viral replication. For the first time,
this model demonstrates that early in the infectious process, poliovirus replication
occurs in both epithelial cells (explaining virus shedding in the gastrointestinal tract)
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and lymphoid/monocytic cells in tonsils and Peyer’s patches (explaining viremia),
thereby supplementing historical reconstructions of poliovirus pathogenesis. Because
the model recapitulates human poliovirus infection and poliomyelitis, it can be used
to study polio pathogenesis, candidate antiviral drugs, and the efficacy of new vac-
cines.

KEYWORDS oral poliovirus infection, poliomyelitis, animal model, macaques

Ithough we are approaching the global eradication of circulating wild-type

polioviruses, the endgame remains uncertain (1). Wild-type polio cases are still
reported in the countries where the virus is endemic, including Nigeria, Afghani-
stan, and Pakistan (2). Moreover, oral poliovirus vaccine (OPV) immunization with
some vaccinees could lead to emergence of circulating vaccine-derived poliovirus
(cVDPV), vaccine-associated paralytic poliomyelitis (VAPP), or outbreaks of polio-
myelitis (1, 3). Complete cessation of all poliovirus infections requires stopping the
use of OPV and developing an improved vaccine and effective drugs to treat
chronically infected poliovirus excretors (http://www.polioeradication.org/Resourcelibrary/
Strategyandwork.aspx). This would involve worldwide transition to inactivated poliovi-
rus vaccines and development of additional prophylactic and therapeutic tools, includ-
ing antipoliovirus drugs. These development programs are actively supported by the
World Health Organization and call for a better understanding of poliovirus pathogen-
esis, which remains incompletely elucidated (4). Evaluation of these new products
would benefit from an animal model that closely resembles human poliovirus infection,
and such a model would be of substantial benefit to the global polio eradication
endgame.

Mice genetically modified to express the human poliovirus receptor (CD155) are
susceptible to parenteral infection with polioviruses. However, they do not adequately
model human infection, because they cannot be infected by the natural (oral) route
(5-7). Although nonhuman primates (NHP) were historically used for polio research,
most studies employed needle injection approaches, rather than single oral exposures,
to describe the pathogenesis of poliomyelitis and define vaccine efficacy (4, 8-11). In
fact, there has been a lack of in-depth NHP studies using a single oral exposure with
tissue-free virus inoculum. Thus, the initial pathogenic events in natural oral poliovirus
infection remain poorly defined (4, 9, 12, 13).

Here, we report results aimed at closing this gap by documenting an NHP model
that leads to consistent infection with a single dose given by the oral route, followed
by a high frequency of paralytic poliomyelitis.

RESULTS

Oral exposure to type 1 poliovirus reproducibly induced productive poliovirus
infection in rhesus, cynomolgus, and bonnet macaques. Three species of macaques
(rhesus, cynomolgus, and bonnet) were included in the study using the cloned type 1
poliovirus Mahoney. While the poliovirus reproducibly infected CD155% cells and the
virus titers in fecal samples could readily be measured by viral plaque assays (Fig. 1a
and b), the three species of macaques did not appear to exhibit any significant
differences in CD155 expression in peripheral blood lymphocytes (PBL) and gut mucosa
(Fig. 1c and d).

A total of 39 macaques were fed single doses (ranging from 10° to 107 50% tissue
culture infective doses [TCIDs,]) of the highly virulent Mahoney strain of wild type 1
poliovirus contained in 60 ml of apple juice. All the animals were successfully infected,
as evidenced by fecal excretion of virus (Fig. 2a and b). Furthermore, 12 of the animals
developed overt paralytic disease, with somewhat greater frequency among those fed
with the two larger inocula (paralysis rate, 11/29) than among those fed with the lowest
inoculum (1/10) (Table 1). The three species of macaques appeared to be equally
susceptible, although the small numbers preclude a definitive comparison (Fig. 2a).
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FIG 1 Validation studies of the cloned type 1 poliovirus Mahoney, plaque assay, and CD155 expression in macaques. (a) Representative confocal microscopy
images showing that the Mahoney poliovirus reproducibly infected CD155+ Hela cells, as detected by confocal staining of CD155 and type 1 poliovirus protein
1 (VP1). Note intracellular staining of PV1 in green in the infected cells (right), but not the uninfected control (left), after overnight infection with cloned virus
(MOI = 100:1) in cultures. There was no staining for isotype controls (data not shown). (b) Representative photograph of PFU assay results. The indicated TCID;,
titers of cloned type 1 poliovirus Mahoney were mixed with 50 ml feces from uninfected macaques and then subjected to analysis of PFU counts. Note that
approximately 10 TCID,, of cloned poliovirus in feces could form detectable PFU, which served as a detection limit, as well. (c) Representative flow histograms
showing that the poliovirus receptor CD155 can be expressed in subsets of CD14* monocytes and CD20* B cells but rarely in CD3* T cells from 3 macaque
species (cynomolgus, bonnet, and rhesus). (d) Representative immunohistochemistry analysis of CD155 expression on intestinal mucosal cells of macaques.
(Left) Image (magnification, X200) of CD155 expression on surfaces of intestinal epithelial cells in a tissue section from the small intestine of a representative
rhesus macaque. Similar images were seen in the gut sections from other rhesus, cynomolgus, and bonnet macaques. (Right) Image (X400) of CD155 expression
on gut epithelial cells (orange arrow) and cells with macrophage/DC morphology (light-green arrows) in a lymphoid follicle of Peyer’s patch in a section from
the small intestine of a representative rhesus macaque.

The titers of fecally excreted virus showed a two-phase pattern (Fig. 2b). At day 1
after infection, the inoculum appeared to “pass through” the gastrointestinal (Gl) tract,
leading to high PFU counts that declined sharply on day 2. Fecal virus increased again
on day 3 or day 5 and remained detectable through day 16, while low levels of
cytopathic viruses were detected in several animals through day 23. Fecal viruses
detected at day 3 or later likely represented replicating poliovirus, based on experi-
ments using neutral red poliovirus (data not shown). Consistent with virus isolation
data, a quantitative real-time PCR (qRT-PCR) assay detected high levels of poliovirus
RNA in feces from all the animals, confirming the 100% infection rate (Fig. 2b). This
sensitive assay turned negative 3 weeks after infection, with no evidence of persistent
excretion.

Tonsils, mesentery lymph nodes, and intestinal mucosa served as sites of viral
replication after oral infection. We then examined what tissues or sites in the gut
contributed to viral replication and fecal shedding after oral feeding of the macaques.
Most prior studies were based on virus recovery, and it has not been clear which cells
within these tissues actually supported replication (4, 9, 12-14). We presumed that the
tissues exhibiting high titers of poliovirus might represent sites of viral replication and
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FIG 2 Poliovirus in feces of macaques following oral infection with type 1 poliovirus Mahoney. (a) Mean poliovirus PFU (= standard errors
of the mean [SEM]) per 100 ml in feces from three different species of macaques following oral infection with 10°, 108, or 107 TCID,,
Mahoney type 1 poliovirus. The “pass through” virus titers measured at day 1 ranged from 10¢ to 107, depending upon the feeding dose.
P values of <0.05 for comparisons between preinfection and days 3 through 13, except day 11, for doses of 10° or 108 TCID, in
rhesus/cynomolgus macaques and except days 11 and 13 for a dose of 107 TCID,. n = 21 for rhesus but decreased to 13 from days 8
through 22 due to euthanasia for paralysis; n = 15 for cynomolgus but decreased to 12 from days 10 through 22; n = 3 for bonnet but
decreased to 2 after day 11. (b) Mean (+=SEM) poliovirus PFU (left) and poliovirus mRNA (right) per 100 ml in feces from NHP fed with 10°
TCIDg, (n = 13), 108 TCID4, (n = 16), and 107 TCID,, (n = 10) PFU. The data were pooled, since there were no significant differences in
patterns between NHP species (panel a). Arrow, infection time; *, P < 0.05; **, P < 0.01 (between groups).

shedding after oral poliovirus exposure. To test this, we examined tonsils, small and
large intestines, and mesenteric lymph nodes from animals sacrificed at days 9 to 12
after oral poliovirus exposure. Polioviruses were measurable in the tonsils and mesen-
teric nodes, which exhibited higher titers than the small and large intestines (Fig. 3).
The quantitative results at the tissue level provided an opportunity to determine what
cells were supporting replication and whether the gut epithelium was infected.

Viral replication proteins were detected in both epithelial and lymphoid cell
populations expressing CD155 in the tonsil and intestinal mucosa from paralytic
monkeys with fecal viral shedding. Next, we sought to determine whether epithelial
cells or lymphoid cells harbored poliovirus replication. To date, whether epithelial or
lymphoid cells are the primary sites of poliovirus replication in the gut has remained a
matter of debate (4, 9). Previously, fluorescence-labeled immunoglobulin from a
poliovirus-infected macaque was used to detect poliovirus in epithelia or speculative
macrophages after viral feeding (15). Technical difficulties, including nonspecific stain-

TABLE 1 Frequencies of paralysis after oral infection of three species of macaques with
three doses of type 1 poliovirus Mahoney

Log,, inoculum Rhesus Cynomolgus Bonnet Total
9 2/5 1/5 1/3 4/13
8 5/11 2/5 7/16
7 1/5 0/5 1/10
Totals 8/21 3/15 1/3 12/39
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FIG 3 Poliovirus in gastrointestinal tissues of macaques following oral infection with type 1 poliovirus
Mahoney. Live poliovirus titers (left) and poliovirus mRNA (copies per milliliter) (right) in homogenates
from tonsils, small (SI) and large (LI) intestines, and mesentery lymph nodes (MLN) collected from 8
paralyzed macaques at days 9 to 12 after oral infection with type 1 poliovirus. Boxes and whiskers:
the top and bottom hinges represent 90th and 10th percentile values, respectively; +, mean value;
horizontal lines in boxes, medians.

ing by the monkey serum (15), indicated a need to conduct a further study. On the
other hand, tissue expression patterns for the poliovirus receptor CD155 were com-
pared in humans, macaques, and CD155-transgenic mice, and the presence of CD155
in follicle-associated epithelium and on cells of the Peyer’s patches in the gut suggested
that they were potentially susceptible to infection (16). However, there is a lack of direct
evidence for detecting virus or viral protein in gut epithelia or lymphoid cells in the
Peyer’s patches after oral poliovirus infection (8, 10, 11, 16, 17).

We employed in situ multicolor immune staining of viral replication protein, CD155,
and cell markers for epithelium/immune cells in infected tonsils and intestinal mucosa
at days 8 to 12 after oral infection of the macaques. Surprisingly, poliovirus polymerase
3D, a surrogate marker for viral replication, was detected in CD155% stratified squa-
mous epithelial cells in the tonsil crypt (Fig. 4a) and CD155" CD11+ macrophages/
dendritic cells (DC) in the tonsil follicle (Fig. 4b). Similarly, polymerase 3D was also
detected in intestinal CD1557 epithelial cells (Fig. 4c) and CD11C*™ macrophages/DC in
the intestinal mucosa containing lamina propria or a Peyer’s patch-like area (Fig. 4d and
e). These results suggest that both epithelial and lymphoid cell populations in oral-
pharyngeal-intestinal mucosae support viral replication and infection after oral expo-
sure in macaques.

Poliovirus infection/replication in the tonsil and gut coincided with histo-
pathologic inflammation and destruction in the epithelia and mucosa-lymphoid
interface. Although invasion of intestinal mucosa by poliovirus infection was impli-
cated (13), it has not been reported that poliovirus invasion and replication result in
characteristic lesions or destruction of the tonsil and Gl mucosa (11, 13, 14, 17). To
address this, we conducted thorough histopathology studies of tonsil and gut mucosa
harboring high titers of replicating poliovirus, as demonstrated in Fig. 2 to 4. In the
Mahoney poliovirus-infected macaques with high virus titers in those tissues, the
stratified squamous epithelia lining the tonsil crypts could be disrupted by infiltrating
inflammatory cells, with apparent hemorrhage (Fig. 5a top left, arrows). Notably, the
destruction and disappearance of the tonsil epithelia coverings were seen (indicated by
red arrows in Fig. 5a, bottom left), whereas the crypt lumen was filled with apparent
exudates comprised of numerous inflammatory and necrotic cells (red arrows). Simi-
larly, disruptive or necrotic epithelial cells/tissue in the intestinal mucosa was seen,
together with inflammatory exudates in the gut lumen and in the lamina propria (Fig.
5b, left). Numerous inflammatory cells were seen to infiltrate the interstitial compart-
ment (lamina propria) or mucosa-lymphoid interface of the small intestine (Fig. 5b,
bottom left). Of note, these histopathology changes were not seen in the tonsil and
intestinal mucosa from control macaques not infected with Mahoney poliovirus (at Fig.
5a and b, right). Under healthy conditions, new and intact epithelia should be seen to
outgrow or replace potentially aging or dying cells without mucosal inflammation or
destruction, but this was lacking here. Thus, destruction and histopathologic inflam-
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FIG 4 Viral replication proteins were detected in both epithelial and lymphoid cell populations in the tonsil and intestinal mucosa of
poliovirus-infected macaques. (a) Poliovirus polymerase 3D was detected in CD155* stratified squamous epithelia lining the tonsil crypt. The
merged image is enlarged at the bottom. Note that CD155/epithelial markers overwhelm, but 3D (red) can be judged by referring to the
corresponding positions in the multicolor images at the top. DIC, differential interference contrast. (b) 3D was detected in lymphoid cells (CD155*
CD11* macrophages/DC) in the tonsil lymphoid follicle. The arrows point to detectable 3D in target cells in the enlarged image. (c) 3D was
detected in CD155* epithelial cells in intestinal villi. The arrows point to clustered areas of detectable 3D in epithelia in the enlarged image. Note
that epithelia express weaker CD155 than macrophages (center; also see the CD11C* macrophages in panel d). (d) 3D was detected in CD155*
CD11+ macrophages/DC in the lamina propria of the small intestine. (e) Representative images showing that 3D was detected in CD11C*
macrophages/DC in the intestinal mucosa containing the Peyer’s patch-like area (left), as well as in CD155" epithelial cells (right, arrows). (f)
Representative images showing that control IgG isotypes did not give rise to any staining and anti-3D MAb does not stain tissue sections of tonsil
and gut from a healthy macaque not infected with poliovirus. Sections for control isotypes are from intestinal mucosae collected from macaques
at days 10 to 12 after oral poliovirus infection, whereas tonsil and small intestine sections for control 3D MAb staining were collected from
uninfected macaque RH8335. Shown above are representative images in the sections from the tonsil and intestinal mucosa harboring high titers
of replicating poliovirus (Fig. 3). The representative tissues with replicating virus were collected at day 8 or 10 after oral infection of rhesus
macaques 8747 and 8745. Poliovirus antigens were detected in tissue sections from five paralyzed rhesus macaques. Fluorescence-labeling Abs
and nuclear staining are indicated.

mation in the tonsil and intestinal mucosa are found coincident with detectable viral
replication in epithelial and lymphoid cells.

Oral infection with Mahoney poliovirus reproducibly induced acute flaccid
paralysis with typical poliomyelitis pathology. As shown in Table 1, 12 of 39 infected
animals developed acute flaccid paralysis in the legs and/or arms. The onset of paralysis
ranged from 8 to 22 days after oral poliovirus exposure. Eleven of 29 macaques fed with
108 or 10° TCID,, developed paralysis, whereas only one of 10 macaques fed with 107
TCID5, developed paralysis (Table 1).

Eight of 21 rhesus macaques developed paralytic poliomyelitis, and all 8 animals had
extensive paralysis involving 3 or 4 limbs. Three of 15 cynomolgus macaques devel-
oped paralysis, but two of them had only one paralytic lower limb. The paralyzed
macaques were euthanatized within 48 h after they developed clinical signs of paralytic
poliomyelitis and were subjected to detailed necropsy. Although no gross pathology
was found in the central nervous system (CNS), the paralyzed macaques exhibited the
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destruction of neurons with neuronophagia, the typical histopathology of poliomyelitis
in spinal cord sections (Fig. 6).

Paralytic poliomyelitis after neuronal spread correlated with high titers of
poliovirus in the spinal cord and replicating poliovirus in CD155+ neurons. CNS
tissues collected from monkeys necropsied 24 to 48 h after the onset of paralysis were
homogenized and assessed. High titers of plaque-forming polioviruses were detected
in the cervical and lumbosacral enlargements and thoracic segments of the spinal cord,
while low or moderate titers of poliovirus were found in the brain or brainstem (Fig. 7a,
top). High levels of poliovirus mRNA were consistently detected in the same spinal cord
homogenates (Fig. 7a). Poliovirus polymerase 3D was detected by confocal microscopy
in the cytoplasm of CD155" neurons in the anterior horn sections prepared from the
spinal cords of paralyzed macaques (Fig. 7b).

Detectable response of neutralizing Ab correlated temporally with resolution
of viremia and virus shedding in oropharynges/stool. The detailed interrelations of
neutralizing antibody (Ab) response, viremia, and viral shedding in feces or throats after
oral wild-type poliovirus infection leading to paralysis remain incompletely demon-
strated in macaques (8, 10, 18). Here, almost all the macaques developed immune
responses, as revealed by detection of poliovirus-specific neutralizing Ab starting
around 2 weeks postinfection (Fig. 8a). Overall, the neutralizing Ab started to emerge
at the late time of transient poliovirus replication in the blood and oropharynges (Fig.
8a and b). Such transient replication was interpreted here by poliovirus-specific gRT-
PCR performed on throat washings and peripheral blood mononuclear cells (PBMC),
although plaque assay failed to detect plaque-forming live viruses (Fig. 8b). Notably,
the neutralizing Ab titers were sustained throughout the experiment, and such sus-
tained responses of neutralizing Abs coincided temporally with resolution of viremia
and virus shedding in oropharynges and stool (Fig. 2b and 8).

DISCUSSION

The current study establishes an NHP model for oral infection with human poliovirus
that closely mimics natural infection in humans. This study extends previous studies in
NHP (8, 10, 12, 13, 16) and helps to fill a longstanding gap in the development of
experimental animal models of oral infection leading to development of poliomyelitis.
To our knowledge, this work is one of very few studies demonstrating that a single oral
exposure to tissue-free poliovirus inoculum is able to induce productive infection and
paralytic poliomyelitis in NHP. Historically, in the 1940s, feeding with spinal cord-,
feces-, or murine-adapted virus induced a low frequency of paralysis in cynomolgus and
rhesus macaques (19-23). Subsequent studies in NHP mostly employed needle injec-
tion approaches to confirm human polio and to define vaccine efficacy and the
pathogenesis of paralytic poliomyelitis (4, 9, 11). Some studies in the 1950s or later
showed that repeated feeding of rhesus or cynomolgus macaques could lead to
paralytic consequences (8), but a single oral exposure was unable to induce paralysis

FIG 5 Legend (Continued)

numerous necrotic and inflammatory cells in the stratified squamous epithelia in the tonsil crypt (arrows).
(Bottom left) Image showing the destruction and disappearance of the tonsil epithelial covering (red arrows)
in the tonsil crypt; the tonsil crypt lumen was filled with hemorrhage and exudates (red arrows) comprised
of inflammatory and necrotic cells, including macrophages, neutrophils, and lymphocytes. Of note, new or
normal epithelia did not emerge underneath the destroyed tissue (under healthy conditions, new epithelia
should be seen to outgrow or replace any potential aging or dying cells). (Right) Histology of undamaged
tonsil crypts from control macaques not infected with Mahoney poliovirus. Note the intact structures of the
stratified squamous epithelia and clean lumen without inflammatory exudates and cells or hemorrhage. (b)
(Top left) Large area of necrotic epithelial cells and tissue (arrows) in the surface of the small intestinal
mucosa. (Middle left) Necrotic or destroyed epithelial cells/tissue, together with mucus exudates in the gut
lumen (arrows). (Bottom left) Infiltration of numerous inflammatory and necrotic cells (arrows) in the lamina
propria in small intestine mucosa. (Right) Intact histology of the small intestine mucosa from control
macaques not infected with poliovirus Mahoney. The representative tissue sections were collected from
macaques 8745 and 8747, who exhibited high-titer poliovirus and viral replication proteins in the tonsil and
intestinal mucosae. Similar histopathologic lesions in the tonsil/intestine could be seen in other macaques
infected with poliovirus Mahoney.
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FIG 6 Paralytic poliomyelitis induced by oral poliovirus Mahoney infection was consistent with typical histopa-
thology of poliomyelitis in NHP. (a) (Left) HE-stained section in the left anterior horn of the lumbosacral
enlargement from an uninfected healthy control macaque. The section contained spinal motor neurons, astrocytes,
and oligodendrocytes. Note the typical appearance of a motor neurons, with a prominent nucleolus in the nucleus
and the basophilic Nissl bodies (blue in H&E stain) in the cytoplasm. (Right) Representative H&E-stained section in
the lumbosacral enlargement from a paralyzed macaque (RH8203). Note necrotic motor neurons (arrows) and
hemorrhage (arrowhead) in the left anterior. (b) (Top left) Section in the left anterior horn of the lumbosacral
enlargement from a cynomolgus macaque (CN7821) with paralysis of the right leg. Note that most of the motor
neurons in the left anterior horn of the lumbosacral enlargement exhibited “normal” images and only a few
degenerative neurons (arrow), with a lack of obvious inflammation and destroyed neurons. (Top right) Section in
the right anterior horn of the lumbosacral enlargement from the same cynomolgus macaque (CN7821). Note the
completely destroyed neurons, with many neuronophagia (arrows) and infiltration of inflammatory cells. (Bottom
left and right) Sections in the left and right anterior horns, respectively, of the lumbosacral enlargement from a
rhesus macaque (RH8204) who developed paralysis involving both legs. Note that almost all the neurons in both
the left and right anterior horns were destroyed (arrows). RH8203 and the other 2 rhesus macaques with paralysis
involving multiple limbs also showed polio lesions in the cerebral cortex and brain stem and the cervical
enlargement, respectively (data available upon request).

(10, 22). Our use of large doses of the Mahoney strain, which is known to be highly
paralytogenic and pantropic, may explain the 100% infection rate and the surprisingly
high frequency of paralysis upon single oral exposure.

Prior studies have claimed that rhesus macaques are resistant to oral poliovirus
infection (13, 16) or that repeated oral feeding was needed to induce productive
poliovirus infection in rhesus and cynomolgus macaques (8, 21). Our study demon-
strated that rhesus macaques were indeed susceptible to productive infection and
subsequent paralytic poliomyelitis upon a single oral exposure.
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FIG 7 Paralytic poliomyelitis after neuronal spread correlated with high titers of poliovirus in the spinal cord and
replicating poliovirus in CD155* neurons. (a) Poliovirus titers (left) and viral mRNA copies (right) per milliliter in
homogenates from CNS tissues from 11 paralyzed macaques sacrificed 24 to 48 h after onset of paralysis. The data were
pooled, since there were no significant differences in titers between NHP species or between groups fed with different
virus doses. The whiskers for the box plots are the same as in Fig. 3. B, brain; BS, brain stem; CE, cervical enlargement of
spinal cord; LE, lumbosacral enlargement; TS, thoracic segment. (b) Representative confocal microscopy images showing
detection of poliovirus polymerase 3D in CD155* neurons in anterior-horn sections of the spinal cords of paralyzed
macaques. (Top left) Representative confocal split images of multicolor staining for poliovirus polymerase 3D (red), CD155
(green), and nucleus (blue) on tissue sections prepared from anterior horns in the lumbosacral enlargement of spinal cord
from the rhesus macaque RH8204, who became paralyzed at day 11. (Bottom) Enlarged, merged image showing positively
stained poliovirus polymerase 3D in CD155* neurons (arrows) in the anterior-horn sections. Note that the cells harboring
3D are consistent with the sizes of motor neurons, based on the size scale shown. Similar results were seen in other
paralyzed macaques. (Top right) There was no staining for isotype IgG controls in spinal cord sections from the paralyzed
macaque.

One of our major goals was to establish an oral infection model for studies of polio
pathogenesis. We therefore tested 3 high doses to maximize rates of productive
infection and paralysis. Using a relatively modest number of macaques, we have
achieved our goal of developing a practical oral infection model leading to paralytic
poliomyelitis. This success does not support the further use of larger numbers of
macaques for a median infectious dose (ID5,) or median paralytic dose (PDs,) deter-
mination.
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FIG 8 Detectable response of neutralizing Ab coincided temporally with resolution of viremia and virus
shedding in oropharynges/stool. (a) Poliovirus-specific neutralization titers (log,) after oral poliovirus
feeding. Shown are mean dilution titers of plasma with SEM. In geometric scales, log 1 denotes 0. n =
30. (b) Poliovirus mRNA copies in blood (top) and throat swab eluate (bottom) from orally infected
macaques. The data are mean mRNA copies with standard deviations (SD) in 106 PBMC and in 1 ml of
throat swab eluate, respectively. Poliovirus mRNA copies in PBMC were pooled from eight macaques who
had detectable poliovirus RNA after infection with 108 and 10° TCID,,. None of the macaques infected
with 107 TCID5, had detectable viral RNA in blood. The data from throat swabs were pooled from 23
macaques. There were no significant differences in frequencies or titers in swabs between species or
between the 3 groups infected with 107, 108, and 10° TCID,.

It is noteworthy that this highly paralytic model is different from the low paralysis
rate in humans. Nevertheless, our model provides an opportunity to dissect polio
pathogenesis in the setting of 100% productive infection and high-frequency paralysis
after single-dose oral feeding. On the other hand, our data support the presumption
that NHP are less sensitive to oral poliovirus infection but more susceptible to paralytic
poliomyelitis than humans (13, 24).

In addition to providing a model of “natural” poliovirus infection leading to paralysis,
the present study takes the localization of infection from the tissue level to the cellular
level, an important advance in understanding the pathogenesis of this infection. We
have shown that the virus appears to replicate in stratified squamous epithelial cells
in the tonsil crypt and CD11C* macrophages/DC in the tonsil follicle, as well as gut
epithelia and macrophages/DC in the small intestine. The results suggest that both
epithelial and lymphoid cell populations support viral replication after oral infec-
tion, a major extension of the longstanding syntheses proposed by Bodian and
Sabin in the 1950s (12, 13). Furthermore, this model also identifies infection-
associated histopathologic lesions in the epithelia and mucosa-lymphoid interface
of the tonsil and intestine harboring high titers of replicating poliovirus after oral
exposure.

In conclusion, the model will be useful for testing candidate antiviral drugs and
newly engineered vaccine candidates, which may be required in order to eradicate all
poliovirus infections. The model will also enable in-depth mechanistic studies of polio
pathogenesis.

|n

MATERIALS AND METHODS

Animals. Thirty-nine macaques, including 21 rhesus macaques (Macaca mulatta), 15 cynomolgus
macaques (Macaca fascicularis), and 3 bonnet macaques (Macaca radiate), were used in this study. They
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ranged from 3 to 12 years of age and included both females and males, with body weights of 3 to 10
kg. Animal studies were conducted in biosafety level 3 facilities and were approved by the institutional
animal care and use committee (IACUC) (ACC15-243).

Oral poliovirus infection. Prior to oral infection, the macaques were trained to voluntarily take apple
juice fed via 60-ml catheter-tipped syringes. At the time of single oral feeding, a defined single dose of
poliovirus was added to the apple juice for oral administration.

Extraction and concentration of fecal samples from macaques. Feces were collected daily (total
excreta, not just a sample) from individual macaques for plaque assays and qRT-PCR. This method
was adopted from the protocol provided by Andrew J. Macadam, National Institute for Biological
Standards and Control, United Kingdom. Approximately 100 ml of feces from each macaque was
divided into five 50-ml high-speed-resistant centrifuge tubes (20 ml each) and mixed with 12 5-mm?3
micro-glass beads (Swarovski), 20 ml phosphate-buffered saline (PBS) and 2 ml chloroform. The
mixture was shaken on an ice bath by a ProBlot 25X LD Economy Rocker at 120 rpm for 30 min and
then was centrifuged at 10,000 rpm for 40 min at 4°C (Avanti J-26XP centrifuge with a JA-12 rotor;
Beckman-Coulter). The supernatant was collected and filtered with a Millipore vacuum filtration
system. The filtered fecal extracts were transferred into Millipore Amicon 30K centrifugal filter units
and contracted by centrifugation at 3,600 rpm for 40 min. This step was repeated to concentrate the
extraction into a volume of ~2 ml.

Throat swab eluate preparation. For each animal, a total of 3 sterile polyester-tipped swabs
(Puritan) were used to brush against the mucosal surface at the back of the throat, including tonsils and
adenoids, and then the swabs were dipped into 1 ml of sterile PBS and vortexed vigorously for 30 s; the
swabs were discarded, and the eluate was collected for assays.

Isolation of lymphocytes from blood by Ficoll-Paque. The standard Ficoll-Paque method was
described in detail in previous publications (4, 14).

Tissue homogenization. Brain, brain stem, spinal cord (cervical enlargement, thoracic segment, and
lumbosacral enlargement), tonsil, small and large intestine mucosa, and mesenteric lymph nodes were
collected from the euthanized polio-paralytic macaques. Homogenates were made of 1-cm3 tissue
sections, and 5-fold serial dilutions of the homogenate in sterile PBS plus 0.05% Tween were tested by
plaque assays and qRT-PCR.

Poliovirus plaque assay. Hela cells were grown in 12-well culture plates in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) at 37°C with 5% CO, until 90% confluent
monolayers (~2 X 106 cells/well) were formed in 24 to 36 h; 100-ul samples were added to each well
and incubated at 37°C with 5% CO, for 15 min. The cells were overlaid with approximately 2 ml 2%
FBS-DMEM agarose gel in each well and incubated at 37°C with 5% CO, for 48 h. The gel overlay was
gently decanted from each well, and the cell layers were rinsed with PBS, fixed with 1 ml of 2% formalin
for 10 min, stained with crystal violet for 10 min, rinsed under water, and air dried. Plaques were counted
under a microscope, and titers were expressed as PFU per 100 ml of feces.

Viral RNA isolation and qRT-PCR. Poliovirus RNA was isolated with an RNeasy minikit (Qiagen) and
reverse transcribed with a SuperScript Ill first-strand synthesis system (Life Technologies) following
standard protocols from the manufacturer. Sequences of primers were as follows: forward primer,
5'-AGGTCAGATGCTTGAAAGCG; reverse primer 5'-TCCACTGGCTTCAGTGTT; probe, 5'-CACAGTCCGTGAAA
CGGTGG, with 6-carboxyfluorescein (FAM) as the 5’ dye and 6-carboxytetramethylrhodamine (TAMRA) as
the 3’ quencher. The qRT-PCR experiments were performed in an Applied Biosystems 7300 real-time PCR
system (Life Technologies), and the PCR products were quantified fluorometrically using TagMan master
mix (Life Technologies), as previously described (25). The qRT-PCR was validated by intra-assays/
interassays, with detection limits of RNA copies from ~5 to 10 PFU/100 ml.

In situ confocal microscopic analysis of poliovirus polymerase 3D, CD155, and other markers
in tissue sections from poliovirus-infected macaques. The OCT tissue blocks were cut into 6-um
sections using a cryostat, as previously described (26). The frozen tissue sections were fixed with cold
acetone for 10 min, rinsed with PBS, and then blocked with protein-blocking serum-free buffer (Dako,
X0909) for 30 min. The sections were incubated for 1 h in the dark with diluted primary antibodies
(mouse anti-human epithelium monoclonal antibody [MAb], Life Span Bioscience, LS-c65481, or biotin-
conjugated mouse anti-CD155 [D171] MAb, GR 224625) in antibody diluent with background-reducing
components. The sections were washed twice with PBS and then incubated for 30 min with diluted
secondary antibodies (Qdot525 donkey anti-mouse IgG conjugate [H+L], lot 1356566; phycoerythrin
[PE]-streptavidin; or fluorescein isothiocyanate [FITC]-streptavidin). Tissue sections were incubated for 30
min with normal mouse serum, washed twice, and then incubated for 30 min with protein-blocking
serum-free medium. The sections were then incubated for 1 h with diluted fluorescence-labeled
antibodies (allophycocyanin [APC]-conjugated mouse anti-3D MAb, produced/characterized by Gen-
Script and the Chen laboratory; phycoerythrin [PE]-conjugated mouse anti-human CD14, BD, catalog no.
555398, or FITC-conjugated anti-human CD11C [Biolegend; catalog no. 301603]). Sections were scanned
with a Zeiss LSM 710 confocal microscope using a 40X water objective lens, and images were acquired
with the Zen software. Control staining using IgG isotypes or anti-3D staining of normal uninfected
tissues did not give rise to fluorescent images on the sections under the confocal microscope (Fig. 4f
and 7b).

Gross pathological analysis and histopathologic evaluation of lesions in tonsil and gut as
poliomyelitis in the spinal cord. Paralytic animals were euthanized within 24 to 48 h after
development of paralysis using intravenous barbiturate overdose and immediately necropsied in a
biological safety cabinet. Standard gross pathological evaluation procedures were used. The central
nervous system, including brain, brain stem, and spinal cord, and the gastrointestinal tract, including
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tonsil, small and large intestines, mesenteric lymph nodes, and other major organs, were collected,
examined, and processed for histology analysis. Histopathologic lesions were determined using
digital scans to record total pixel counts on hematoxylin and eosin (H&E)-stained sections, and the
specimen area was measured in square centimeters using Image-Pro Plus software (Media Cyber-
netics, Silver Spring, MD), as we previously described (26, 27). Histopathologic lesions in the spinal
cord and other CNS tissues were measured in the reference poliomyelitis scores described in the
WHO protocol (28).

Microneutralization test. Poliovirus-neutralizing antibody titers were determined in a standard
WHO microneutralization test (29).

Statistical analysis. The multivariate analysis of variance (ANOVA) and nonparametric t test were
used, as previously described (27).
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