41. Analysis of these spectra can be complicated by
proton transfer between added phenol and the nitro-
phenolate, which depletes the total amount of nitro-
phenolate available for H bonding and causes spec-
tral shift of the nitrophenolate beyond that from H
bonding. To avoid this problem, we used phenols
whose pK, values were considerably higher than
those of the nitrophenolate, the proton acceptor.
However, at high phenol concentrations, phenol can
self-associate and lose a proton to give the
phenol-phenolate complex, thereby allowing proto-
nation of the nitrophenolate. For this reason, K; val-
ues were only obtained in the region ApKyater > 2,
where the proton transfers occur at much higher
phenol concentrations than are required for complex
formation with the nitrophenolate. Control experi-
ments with sterically hindered phenols (2,6-di-tert-
butylphenol and 2,6-di-tert-butyl-4-nitrophenol) did
not produce the spectral shift described in (23), even
at concentrations up to 1 M. This finding ruled out
complications from general solvent effects by addi-
tion of phenols to the phenolate solution and sug-
gested that H bonding is responsible for complex-
ation. Addition of increasing concentrations of a non-
conjugate phenol to a solution containing a pre-
formed homoconjugate nitrophenol-nitrophenolate

complex leads to loss of the homoconjugate com-
plex and formation of the heteroconjugate complex,
as jucdiged by modest spectral shifts. The concentra-
tion dependence of these changes was consistent
with the relative stability of the H-bonded species
obtained from the direct measurements described in
©@3).

42. The pK, scales are substantially expanded in low-
dielectric solvents. For example, for benzoic acids
and phenols, ApK,'s of 1 in water correspond to
ApK,'s of ~2.4in DMSO (40). For THF, the increase
of the ApK, scales is expected to be somewhat
greater (43).

43. D. A. Bors. M. J. Kaufman, A. Streitwieser Jr., J. Am.
Chem. Soc. 107, 6975 (1985).

44. Isotope fractionation factors (the D/H isotopic ratio
for the H-bonded proton relative to the ratio for the
water protons) were measured by "H nuclear mag-
netic resonance (NMR) spectroscopy. A small
amount (~0.2 to 0.83%) of a D,O/H,O mixture was
added to 0.2 M PA~ solutions in DMSO. The deu-
terons in the added isotope-containing water were
allowed to exchange and reach equilibrium with the
COOH protons. The slowly exchanging water and
PA~ proton peaks were integrated and normalized
to that of the nonexchangeable benzylic protons.

Age-Dependent Diarrhea Induced by a Rotaviral
Nonstructural Glycoprotein

Judith M. Ball, Peng Tian,* Carl Q.-Y. Zeng, Andrew P. Morris,
Mary K. Estest

The rotavirus nonstructural glycoprotein NSP4 is an intracellular receptor that mediates
the acquisition of a transient membrane envelope as subviral particles bud into the
endoplasmic reticulum. NSP4 also causes an increase in intracellular calcium in insect
cells. Purified NSP4 or a peptide corresponding to NSP4 residues 114 to 135 induced
diarrheain young (6 to 10 days old) CD1 mice. This disease response was age-dependent,
dose-dependent, and specific. Electrophysiologic data from intestinal mucosa showed
that the NSP4 114-135 peptide potentiates chloride secretion by a calcium-dependent
signaling pathway. Diarrhea is induced when NSP4, acting as a viral enterotoxin, triggers

a signal transduction pathway.

Rotaviruses are the leading cause of severe,
life-threatening viral gastroenteritis in in-
fants and animals (1) and are associated
with sporadic outbreaks of diarrhea in el-
derly (2) and immunocompromised patients
(3). These viruses have a limited tissue
tropism, with infection primarily being re-
stricted to cells of the small intestine (4).
Moreover, the outcome of infection is age-
related; although rotaviruses may infect in-
dividuals and animals of all ages, symptom-
atic infection (that is, diarrhea) generally
occurs in the young (6 months to 2 years in
children and up to 14 days in mice).
Despite the prevalence of rotavirus in-
fections and extensive studies in animal
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models, rotavirus pathogenesis remains
poorly understood. Proposed pathophysio-
logic mechanisms by which rotaviruses in-
duce diarrhea after virus replication include
malabsorption secondary to the destruction
of enterocytes (5), alterations in transepi-
thelial fluid balance (6), and local villus
ischemia leading to vascular damage and
diarrhea (7). These mechanisms do not ex-
plain cases of rotavirus-induced diarrhea
observed before, or in the absence of, his-
topathologic changes (4, 8).

While making an antiserum to a non-
structural glycoprotein, NSP4, we made the
fortuitous discovery that intraperitoneal
(ip) delivery of purified NSP4 induces diar-
thea in a mouse model (Fig. 1). Whether
administration was ip or intraileal (il), di-
arthea was observed within 1 to 4 hours
after inoculation. It typically continued for
up to 8 hours, but occasionally persisted for
24 hours (9). Purified NSP4 (0.1 to 5 nmol)
was administered by the ip route to CDI
mouse pups 6 to 7 and 8 to 9 days old. No
diarrhea was induced with 0.1 nmol of pro-
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The ratio of the two normalized peak areas, in com-
parison with that in a control sample where the same
amount of H,O was adcded, yielded the fractionation
factors [M. Saunders, S. Saunders, C. Johnson, J.
Am. Chem. Soc. 106, 3098 (1984)]. To improve the
accuracy of data, we performed multiple measure-
ments using different D,0/H,0 ratios (1/9 — 9/1).
The small amount of water added did not affect the
observed downfield chemical shift of the H-bonded
proton. Values are reported as mean =+ 2 SD.

45. ApK,, values are defined as the difference between
the intrinsic pK,’'s (pK™M) (78) of the H-bond donor
and acceptor. For X-PAs, this reduces to ApK,, = p
( Ox, para (Tx,nye[al)'
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tein in the 8- to 9-day-old mice, whereas
60% of the 6- to 7-day-old pups had diar-
rthea. Intraperitoneal administration of 1
nmol of NSP4 resulted in diarrhea in 100%
of the 6- to 7-day-old mice, and in 60% of
the older animals. Intraileal delivery of 0.5
nmol of protein induced diarrhea in 100%
of the young (8 to 9 days) mice, whereas no
diarrhea was observed in the 17- to 18-day-
old pups. Thus, the response to NSP4 was
age- and dose-dependent in CD1 pups. In
addition, the induction of diarrhea by NSP4
was spccific, as administration of the same
concentration of purified rotavirus VP6 or
the same volume of buffer had no effect
(Fig. 1). Intramuscular (im) inoculation of
1 nmol of purified NSP4 produced no ill
effects (10).

We next tested the effect of a synthetic
peptide corresponding to NSP4 residues
114 to 135 (NSP4 114-135) delivered by
the ip or il route to mice of different ages
(Fig. 2) (9, 11). Diarrthea was observed in
the 6- to 7-day-old mice within 1 to 3 hours
after inoculation [60% (ip), 71% (il)],
whereas diarrhea was not seen in animals
older than 11 days, even when a two- or
fourfold greater dose of peptide was admin-
istered ip (Fig. 2). Intraileal delivery of the
peptide to pups 11 to 12 or 17 to 18 days old
caused diarrhea in 25 or 0% of the animals,
respectively. These data indicate an in-
creased sensitivity to the peptide when de-
livered directly into the lumen of the intes-
tine, and reveal an age-dependent discase
response to the NSP4 114-135 peptide that
is similar to that seen in natural rotavirus
infections or after inoculation of purified
NSP4. Regardless of the dose or the route of
administration of the peptide, the kinetics
of diarrhea induction were similar to those
observed with purified NSP4. However, as
compared with NSP4, the effective dose of
NSP4 114-135 peptide was considerably
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higher. This may not be surprising, as the
peptide may represent only a portion of the
active domain or may not fold into the
native conformation.

The NSP4 114-135 peptide is predicted
to fold as an amphipathic helix (11), is
localized in the cytoplasmic domain of
NSP4, and mobilizes intracellular calcium
in eukaryotic cells (12). Specificity of the
diarrhea induction by the NSP4 114-135
peptide was confirmed by the administra-
tion of a panel of control peptides to young
mouse pups (13). A mutated NSP4 114-135
peptide in which the tyrosine at position
131 was replaced with a lysine residue
(mNSP4 131K) did not induce diarrhea (0O
out of 11 pups), which indicates the impor-
tance of this tyrosine residue in the induc-
tion of diarrhea. A longer peptide, NSP4
90-123, which overlaps the 114-135 peptide
by nine residues, induced diarrhea in only
20% (2 out of 10) of the mice tested. Thus,
the response in CD1 mice appears to be
directed to a region of NSP4 that is inclu-
sive of residues 114 to 135. The reduced
response to the longer NSP4 90-123 pep-
tide may be due to the absence of amino
acids 124 to 135. A peptide corresponding
to the COOH-terminus of the capsid pro-
tein of another gastroenteritis virus, Nor-
walk virus (NV 464-483), was selected as a
control peptide because it has a calculated
amphipathic score (AS) similar to that of
NSP4 114-135 (AS = 41) and a centrally
located tyrosine residue (13); NV 464-483
did not induce diarrhea (0 out of 10) in any
mouse pups.

To determine if the response to the
NSP4 114-135 peptide was dose-dependent,

0.1 to 500 nmol of peptide was administered
ip to 84 CD1 pups [6 to 7 days old (11)].
The disease response to the NSP4 114-135
peptide was dose-dependent (x?,,..q = 9.98,

= 0.0016), with a DD, (50% diarrheal
dose) of 79 nmol (14).

We also evaluated whether antiserum
made to the NSP4 114-135 peptide was
able to block the induction of diarrhea (15).
In the absence of antibody, ip delivery of 50
to 100 nmol of NSP4 114-135 peptide in-
duced diarrhea in 67% of the mice. Intra-
peritoneal inoculation of NSP4 114-135
peptide-specific antiserum 5 min before ip
delivery of peptide (50 to 100 nmol) result-
ed in a 90% reduction of disease. Intraper-
itoneal administration of normal rabbit se-
rum before peptide delivery did not block
the diarrhea.

The potential of NSP4 antibodies to
protect against virus-induced disease was
tested by challenging pups born to dams
that were immunized with the NSP4 114-
135 peptide or a control peptide with a high
dose of infectious simian agent 11 (SA11)
virus (16). Diarrheal disease in pups born to
dams immunized with the NSP4 114-135
peptide was significantly (Fisher’s exact
test) reduced in severity and duration, and
in the number of pups with diarrhea. In
another experiment, young mouse pups
were infected with SA11 virus, and NSP4
or control antiserum was orally adminis-
tered every 4 to 6 hours for 60 hours. The
pups given NSP4-specific antibody had
significantly reduced diarrheal disease as
compared with animals given control an-
tisera (16). These data show the potential
of NSP4 antibodies to block rotavirus-

Fig. 1. Rotavirus NSP4

protein induces diarrhea 100 1040 =

in CD1 mice. NSP4 was 4/5

purified from recombinant Q 80
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pressing gene 10 by fast Q control
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purfication step on a col Megan scgre: 32 3.0 0 3.0 3.0 36 0 0

umn containing antibodies
to NSP4. Different NSP4

preparations of =70% and 90% purity gave the same biologic results. The protein was sterile based on
results of bacteriologic culturing in LB broth incubated at 37°C for 1 week, and lacked endotoxin (26). VP6
was purified to >95% purity from recombinant baculovirus pAc461-SA11-G6 infected SfO cells by gradient
centrifugation as previously described (27). Both proteins were diluted in sterile phosphate-buffered saline

(PBS) to a final volume of 50 wl per dose, regardless of the route of administration. For the surgical «

introduction of protein into the ileum, animals were anesthetized with isofurane (Anaguest), a small incision
was made below the stomach, the protein inoculum was injected into the upper ileum, and the incision was
sealed with polypropylene sutures (PROLENE 6-0). The pups were isolated, kept warm, and closely
monitored for a minimum of 2 hours. Animals with diarrhea also displayed lethargy and coldness to the
touch. The dose and route of the proteins, age of the animals, and mean diarrhea score (mean score) are
indicated on the bottom of the graph. Above each column is the number of responders (mice with diarrheal

disease) over the total number of animals tested.
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induced disease.

The above data suggest that NSP4 caus-
es diarrhea by acting as an enterotoxin.
Because enterotoxins stimulate net secre-
tion in ligated intestinal segments without
histological alterations, or stimulate secre-
tion in Ussing chambers, the effects of the
peptide and of known Ca?"- and cyclic
adenosine monophosphate (cAMP)-ele-
vating agonists were tested on unstripped
mouse intestinal mucosal sheets in modified
Ussing chambers (17). Addition of forsko-
lin (FSK, a cAMP agonist) and carbachol
(Cch, a cholinergic agonist that mobilizes
Ca’™") to normal mouse ileal mucosa result-
ed in measurable elevations in Cl™ secreto-
ry current (I, Table 1). Addition of either
5 pM (200 nmol) of NSP4 114-135 peptide
(cross-linked to itself for enhanced stabili-
ty) or 5 M of Cch to mucosal sheets of
CD1 mice 19 to 22 days old induced small
(3 or 9 wA/em?, respectively) and transient
(1- to 2-min) increases in I . When the
mucosal sheets were exposed to 5 uM of the
cAMP-mobilizing agonist FSK, larger in-
creases in I (44 pwAfcm?) were elicited
that reached sustained levels within 2 to 3
min. After FSK pretreatment, challenge of
the mucosa with either peptide or Cch re-
sulted in much larger increases in mucosal
I, (64 or 63 pAjcm?, respectively); both
the peptide and Cch potentiated the re-
sponse to FSK. All of the responses to ago-
nists were sensitive to bumetamide, and
treatment of ileal mucosal sheets with cross-
linked control NSP4 2-22 peptide did not
induce a response. Addition of Cch to 19-
to 22-day-old mouse mucosal sheets that
had been pretreated with peptide alone or
with peptide in combination with FSK had
minimal or no additional effect on I__. This
subsequent loss of sensitivity to the Ca?*-
elevating agonist (Cch) after peptide pre-
treatment suggests that the NSP4 peptide
increases I through changes in intracellu-

lar Ca?* ([Ca?"],). Addition of Cch to
mucosa from a 35-day-old mouse again elic-
ited a small (14 wA/cm?) and transient (1-
to 2-min) response that potentiated the
effect of FSK (64 wA/cm?), whereas there

was no or a minimal increase in I when

the NSP4 114-135 peptide was added alone
or with FSK to the 35-day-old mouse mu-
cosal sheets (Table 1).

The electrophysiological responses from
19-day-old mice initially seem paradoxical
when compared with the biological data, be-
cause measurable secretion was not observed
as diarrhea in animals of this age. Diarrhea
likely was not seen in these older animals
because of fluid reabsorption by the colon.
This hypothesis was tested by il administra-
tion of 200 nmol of NSP4 114-135 or of
control peptide to 19-day-old pups. At 4 hours
after inoculation, the mice were killed and
the intestines were tied off, removed, and
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Table 1. Electrophysiological analyses of ileal mucosa of CD1 mice. The change in short-circuit current
(Aly) was calculated by subtracting the stimulated /., measurement from the /. measured immediately
before the addition of agonist. All agonist-stimulated values were significantly different (P < 0.001,

unpaired t test).

Agonist treatment*

Age of mice

19 to 22 days 35 days

[Al,, (nA/Cm?)] (A, (nA/Cm?)]
Forskolin (FSK) (5 wM) 44 = 0.7 (n=8) 41 =7 (n=5)
Carbochol (Cch) (5 wM) 9+ 2 (n=28) 14 =4 (n=25)
NSP4 114-135 peptide (5 wM)t 3= 02Mn=4 0.4 =04 (n=4F
FSK (5 wM) + Cch (5 pM) 63 +10 (n=05) 64 *9 (n=06)
FSK (6 uM) + NSP4 114-135 peptide (5 uM) 64+ 5 (n=7) 43 9 (h=25)

*The mean resting conductance for the ileal mucosal sheets before agonist treatment was 10.4 + 4.8 mS/cm? (n = 32)

for the 19- to 22-day-old mice and 12.3 + 3.8 mS/cm? (n = 25) for the 35-day-old mice.

is active when added to either surface of the mucosa.
the response was 2 pA/cm?.

weighed, and their length was measured. The
pups given NSP4 114-135 peptide showed
substantial fluid accumulation when com-
pared with the control pups, although no
diarrhea was seen in any animals.

We anticipate that younger mice would
show a greater increase in I _ than that seen
in the 19-day-old mucosa. However, intes-
tinal mucosa from younger mice (<19 days)
could not be mounted efficiently into the
Ussing chambers because of their small size;
such experiments in very young mice will
require the development of new methods to
measure Cl~ secretion in vitro. Nonethe-
less, the NSP4 114-135 peptide did not
augment secretion in 35-day-old mice, cor-
relating the age dependence seen in vivo.

On the basis of our results, we propose a
model in which two intestinal receptors are
required for symptomatic rotavirus infec-
tion. One receptor binds rotavirus particles,
resulting in virus entry and gene expression
but not necessarily in disease, whereas the
second receptor is NSP4-specific. NSP4 ex-
pressed in infected cells would be released
into the lumen and would interact with the
second receptor on adjacent cells. This in-
teraction would trigger a signal transduc-

Fig. 2. Intraperitoneal and il delivery 100 — -

of NSP4 114-135 peptide induce 90 P il

age-dependent diarrhea in CD1

mice. Mice of different ages were 80 5/7

inoculated (ip or i) with NSP4 114- ~ 70 WS

135 peptide and evaluated for dis- g0

ease (9). The age of the pups, dose E 50-

of the synthetic peptide, and mean “% 40

diarrhea score (mean score) are in- a

dicated on the bottom of the graph. 30+ 2/8

The dose of the ip-delivered peptide 20

varied with the age of the animals— 10

older animals received a higher 0/10 0/5 0/5
dose to control for the differences in 0] ‘ ! T !

body weight. Above each column is Age (days): 6to7 11to 12 15t0 17 7t08 11t0 12 17to 18
the number of responders over the Dose (nmol): 100 200 400 100 100 100
total number of animals inoculated. Mean score: 3.9 0 0 84 40 0

TNSP4 114-135 peptide

fForn = 3, there was no response with peptide; forn = 1,

tion pathway, thereby increasing [Ca’"],
levels and augmenting endogenous intesti-
nal secretory pathways. NSP4 has been de-
tected in diarrheal stools of rotavirus-infect-
ed mice at concentrations sufficient to
cause diarrhea (I8).

This model fits available data on rotavi-
rus-induced diarrhea. In young mice, ho-
mologous and heterologous rotaviruses
cause diarrheal disease. For example, in
young mice infected with the simian virus
SA11, infectious virus is not produced and
histopathologic blunting of the villi is not
observed, but diarrhea is induced (19). In
other animals, diarrhea is seen before histo-
logic changes (8). In our model, the intes-
tines of young mice would possess a NSP4-
specific receptor that decreases in number
as the mouse ages, and interactions with
this receptor would stimulate Cl~ secretion,
resulting in the observed diarrheal disease.
Adult mice are readily infected by murine
rotaviruses in that virus can be isolated
from fecal samples and virus replication can
be demonstrated in intestinal cells (20).
However, these older animals do not display
diarrhea or other symptoms (21). Our mod-
el predicts that the concentration of NSP4

The peptide was diluted in sterile

PBS and evaluated for sterility as in Fig. 1. A final volume of 50 wl per dose was used. As was analogous
to the effects of purified NSP4, additional symptoms included lethargy and coldness to the touch.

SCIENCE ¢ VOL. 272 « 5 APRIL 1996

{ REPORTS |

receptors is substantially reduced in adult
animals, so that the colon can accommo-
date the increase in fluid secretion. The
adult mouse can replicate and excrete virus
but no disease is observed. Another possi-
bility is that the adult mouse lacks an apical
membrane Ca?*-dependent Cl~ channel.

These results offer a new concept of
rotavirus pathogenesis but do not exclude
other mechanisms of diarrhea such as mal-
absorption due to villus blunting secondary
to cell death. This latter effect caused by
highly virulent viruses, alone or in combi-
nation with lowered immunity, may explain
the rare cases or outbreaks of rotavirus-
induced diarrhea in adults. Qur results
showing that NSP4 induces diarrhea offer a
mechanistic explanation for why the gene
encoding NSP4 is a virulence gene (22).

The pathophysiology of bacterially in-
duced diarrhea based on interactions with
intestinal receptors and bacterial enterotox-
ins is well understood (23). The heat-stable
toxin A and the heat-labile toxin of Esch-
erichia coli, as well as guanylin (an endoge-
nous, 15-amino acid intestinal ligand orig-
inally isolated from the rat jejunum), in-
duce diarrhea by binding a specific intesti-
nal receptor, increasing cAMP or cGMP
and activating a cyclic nucleotide signal
transduction pathway (24). The net effect
of these bacterial toxins is to increase Cl™
secretion and decrease Na® and water ab-
sorption. Our previous work with insect
cells shows that a receptor-mediated phos-
pholipase C pathway is associated with in-
creases in [Ca? "], after exogenous treatment
of cells with NSP4 or NSP4 114-135 pep-
tide (12). We have shown that NSP4 114-
135 promotes and augments cAMP-depen-
dent Cl~ secretion in mouse intestinal mu-
cosa and induces diarrhea in rodents in a
time frame similar to that of heat-stable
toxin B of E. coli (about 3 hours). We
speculate that NSP4 stimulates a Ca’"-
dependent signal transduction pathway that
alters intestinal epithelial transport. On the
basis of the enteropathogenic similarities of
its effect on intestinal secretion with those
reported for guanylin and the heat-stable
enterotoxins, NSP4 can be considered a
viral enterotoxin.
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Protective Effect of Rotavirus VP6-Specific IgA
Monoclonal Antibodies That Lack Neutralizing Activity

John W. Burns, Majid Siadat-Pajouh, Ajit A. Krishnaney,
Harry B. Greenberg

Rotaviruses are the leading cause of severe gastroenteritis and dehydrating diarrhea in
young children and animals worldwide. A murine model and ‘‘backpack tumor” trans-
plantation were used to determine the protective effect of antibodies against VP4 (an outer
capsid viral protein) and VP6 (a major inner capsid viral protein). Only two non-neutralizing
immunoglobulin A (IgA) antibodies to VP6 were capable of preventing primary and re-
solving chronic murine rotavirus infections. These antibodies were not active, however,
when presented directly to the luminal side of the intestinal tract. These findings support
the hypothesis that in vivo intracellular viral inactivation by secretory IgA during trans-
cytosis is a mechanism of host defense against rotavirus infection.

Mucosal IgA is a secretory antibody that
forms a first line of defense against many
pathogens. It is synthesized as an oligomeric
molecule that can be transported via trans-
cytosis across certain epithelial cell types
lining mucosal surfaces and then released
into the mucosal environment (1). Several
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mechanisms by which secretory IgA pro-
vides protection have been proposed (2).
Recently, Mazanec et al. described an in
vitro model in which transcytosing IgA
molecules form complexes with certain vi-
ruses that have entered the cell and thereby
inhibit viral replication intracellularly (3).
To determine whether this can occur in
vivo and whether non-neutralizing antibod-
ies can mediate this intracellular effect, we
studied the effects of IgA monoclonal anti-
bodies (mAbs) on rotavirus infection in
mice.



