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The passive administration of ferret antiserum to Ao (H,,N1) influenza virus
failed to protect the recipient ferrets from subsequent infection with homologous
virus. This susceptibility to infection was observed even when the passively
acquired serum hemagglutination inhibition (HI) titer was similar to peak
convalescent titers. It is therefore concluded that serum antibody alone is
probably not a major factor in the prevention of influenza infection. This does
not rule out a possible role for serum antibody in prevention of illness. Subse-
quent to infection, ferrets that had received passive antisera failed to develop
high levels of serum HI antibody. In fact, many had no detectable serum

antibody (<1:8). These animals shed virus for periods of time quite similar to
those of infected control animals, which did develop serum antibody. From these
data it was concluded that detectable serum HI antibody does not play a

significant role in the recovery of ferrets from influenza infection. Interferon was
present in high concentrations in the secretions a few days prior to cessation of
virus shedding, but it is not clear whether this was the cause of the recovery or
merely a concomitant event. Twenty-one days after initial infection two-thirds
of the ferrets that had received passive antibody and all control animals were

immune to reinfection with the homologous influenza virus. Since the former
group had little or no detectable serum HI antibody but most members were

immune, there must be some other host mechanism to account for the immu-
nity.

The mechanism(s) of immunity to influenza
has been the subject of repeated study over the
past 40 years but is still open to debate. Serum
antibody, secretory antibody, and cell-mediated
immunity have all been considered as being
responsible for the prevention of disease and/or
infection. Serum antibody seems to be the most
commonly considered mediator of protection. In
mice, serum hemagglutination inhibition (HI)
antibody has clearly been shown to prevent
death due to influenza (21, 36). In humans the
data are not clear. It has been suggested that
"immunity is dependent upon serum antibody
levels first and foremost" (33), and Davenport
has stated that vaccine-induced serum HI anti-
body titers of 1:32 or more (as measured with
the epidemic strain) were associated with pro-
tection (17). However, other authors have ob-
served a lack of correlation between serum an-
tibody and protection (4, 24). In other studies
comparing killed and live vaccines, killed vac-
cines stimulated higher serum HI antibody lev-
els, while affording less protection than the live
vaccine (3).

Respiratory secretion (immunoglobulin A)
antibody has also been proposed as a mecha-
nism of protection to influenza. Francis et al.
(10) first suggested the importance of antibody
in human secretion but presumed it was of
humoral origin. de St. Groth and Donnelly (6,
7), from their studies in mice, suggested local
synthesis. More recently some workers have
observed protection as a result of local immuni-
zation (18, 27, 39). However, other trials of local
immunization in animals (22, 28) and humans
(8, 37), as well as attempts to correlate secre-
tory immunoglobulin A antibody with protec-
tion (17), have been unsuccessful. Thus, the
role of secretory antibody is also unresolved. It
has been postulated that mechanisms other
than those mediated by antibody, such as cell-
mediated immunity, might be important in
protection. The principal support for this idea is
that patients with hypogammaglobulinemia do
not seem to be particularly prone to more fre-
quent and severe viral infection (12).
The mechanisms of recovery from influenza

virus infection are also unknown. The postu-
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lated mechanisms have involved antibody, in-
terferon (2), and the destruction of all cells
susceptible to the virus (11).
Thus the mechanism of immunity and, more

specifically, the role of serum antibody in pre-
vention of human influenza infection and/or
illness is not clear. Furthermore, the direct
test, i.e., the passive administration of antise-
rum as has been done in the mouse, is not a
feasible approach in man. The ferret offers a
practical alternative, since it develops influ-
enza that is well characterized and closely re-
sembles the human disease (11, 14, 15, 20, 23,
31, 34) rather than the fatal pneumonia charac-
teristic of influenza in mice (21, 36). We there-
fore undertook the following studies on the ef-
fect of passive antibody on influenza infection
in ferrets. The results suggest that detectable
serum HI antibody is unlikely to be a central
factor in either the prevention of or the recov-
ery from influenza infection.

MATERIALS AND METHODS
Ferrets. Mature ferrets were obtained from Mar-

shall Research Animals, Inc., North Rose, N.Y., and
housed in individual cages in chemical hoods during
the course of the experiment. Unpublished studies
confirmed the original observations of Smith et al.
(31) that passage of virus takes place from animal to
animal when they are housed together. Ten or 12
animals housed in individual cages could, however,
be kept in one hood with continuous flow of air
without cross-infections. Males were used in all ex-
periments except the high-dose passive antibody ex-
periment, in which two females were used because
they were smaller.
To obtain blood and/or nasal secretions, ferrets

were first tranquilized by injecting ketamine hydro-
chloride (Parke-Davis) intramuscularly (80 mg/kg).
Blood was drawn by cardiac puncture using a 22-
gauge needle. Nasal secretions were obtained ini-
tially by inserting through the mouth a polyethyl-
ene tube with a 2-mm, 1800 bend in the end, hooking
the soft palate, and then flowing phosphate-buffered
saline through the nasal passages and out the nares
into a beaker held under the animal's nose. Later in
the study, nasal secretions were obtained as de-
scribed by Potter et al. (25). Both methods yield
similar material, but the latter is easier. Nasal se-
cretions used for virus isolation studies were either
stored at -70 C or inoculated directly into the allan-
toic cavity of 10-day-old embryonated chicken eggs.
Nasal secretions used for antibody studies were
stored at -30 C.

Virus. The influenza Ao (H0N,) virus used in this
study has been previously described (1) and is a
strain of PR8 that has been passed in embryonated
eggs and tissue cultures numerous times. A large
stock of this virus was grown for 3 days at 36 C in
the allantoic cavity of 10-day-old embryonated eggs,
pooled, and stored at -70 C in small aliquots. This
stock virus had a chicken erythrocyte hemaggluti-

nation titer of 1:256 and contained 1085 50% egg
infectious doses per ml (EID5,), 107 50% tissue cul-
ture infectious doses per ml, and about 104-5 50%
ferret infectious doses per ml. All ferrets challenged
in this study were given 0.1 ml of a 1:100 dilution of
this stock virus preparation intranasally. This dose
has been 100% infective.

Assays. Virus was detected by inoculation of 0.1
ml of undiluted nasal wash fluid into 10-day embry-
onated eggs as previously described (1).

Hemagglutination and HI titers were performed
with chicken erythrocytes by using a microtiter kit
with disposable microtiter plates (Cooke Engineer-
ing Co., Alexandria, Va.) as described by Sever (29).
Sera for use in HI tests were first adsorded with
kaolin and chicken erythrocytes as previously de-
scribed (1).

Neutralizing activity of the secretions was deter-
mined by the hemadsorption-inhibition method (5)
using rhesus monkey kidney cells infected with 10 to
100 50%o tissue culture infectious doses of virus.

Interferon. Interferon was assayed by a yield re-
duction method on primary or secondary ferret kid-
nrey cells in screw-capped culture tubes (16 by 125
mm). Cells were treated for 18 h with 1 ml of a 1:5
dilution ofserum or nasal wash. The nasal wash was
previously dialyzed against 0.9 M NaCl, 0.01 M HCI
(pH 2) for 24 h and then neutralized by dialysis
against balanced salt solution, pH 7.4. The medium
used was Eagle minimum essential medium with
10% fetal calf serum, containing penicillin and
streptomycin at 250 U and 125 ,ug per ml, respec-
tively. Cultures were then washed two times and
infected with vesicular stomatitis virus (Indiana se-
rotype) at an input multiplicity of approximately
five viruses per cell. After 1 h for virus adsorption,
the residual virus was removed, and the cells were
washed three times with medium and then incu-
bated with 1 ml of medium for 24 h. Cultures were
then frozen. The yield of virus was determined on L-
cell monolayers using a plaque assay.

RESULTS
Normal controls. A series of normal ferrets

was challenged with influenza virus intrana-
sally and followed for clinical signs and devel-
opment of serum HI antibody. Unfortunately,
this virus did not produce an obvious tempera-
ture rise or marked lethargy, although ferrets
did sneeze occasionally. Subsequent to infection
they did, however, have a marked rise in HI
antibody, which persisted in high titer to days
30 to 40 (Fig. 1). These animals and others were
subsequently bled repeatedly and extensively
to obtain a large pool of ferret anti-influenza
antibody, which was used for passive immuni-
zation in the experiments discussed below.
To more clearly delineate the course of the

infection, seven normal ferrets were infected
and examined for: (i) virus shedding in secre-
tions, (ii) serum antibody, (iii) secretory anti-
body, and (iv) interferon (Fig. 2). It can be seen
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FIG. 1. Serum HI titers to int
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rus. Each dot represents a determir
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lack of serum HI antibody response, and lack of
both secretory and serum (not shown in Fig. 2)
interferon response.
Animals receiving passive ferret antibody to

* influenza virus. Figure 3 depicts the results of
an experiment wherein each of five ferrets re-
ceived intraperitoneally 20 ml of ferret anti-
influenza antisera (HI titer, 1:512), followed 2.5
days later by intranasal challenge with live
virus. All five animals had detectable serum HI

30 4° antibody (due to the passive antibody) prior to
luenza virus ob- challenge and all shed virus on days 2 and 3,
In from a group of the only days tested. The striking observation
vith influenza vi- was the subsequent failure to develop serum HI
wation on an indi- antibody after initial infection. All five animals

that the animals shed virus for 5 to 8 days. The
two animals that died appeared to do so as a
result ofthe cardiac punctures (cardiac tampon-
ade at autopsy). The animals developed serum
HI antibody levels comparable to those shown
in Fig. 1. Nasal secretions showed no detectable
HI activity, but did exhibit virus-neutralizing
activity. The magnitude of the values is gen-
erally comparable to those obtained for ferrets
by Shore et al. (30) when corrections are made
for the lOx concentration of secretions in their
experiments. On the other hand, the activity
observed in our experiments seems to be pres-
ent a little earlier and to persist longer than
theirs (peak values on day 7 with decline to
undetectable levels by day 13). These differ-
ences are easily attributable to slight differ-
ences in the collection and assay techniques,
especially since the secretory antibody levels
were barely detectable and were not corrected
for protein concentration (26).

Interferon was readily detectable in secre-
tions, but almost absent from serum. The data
from two animals are shown in Fig. 2 and simi-
lar observations were made on several other
animals. These observations on interferon are
somewhat at variance with those of Haff et al.
(14), who found interferon in nasal tissues but
not in nasal washings (or serum) of ferrets.
They generally agree, however, with observa-
tions of influenza infection of humans, wherein
Gresser and Dull (13) first reported interferon-
like substances in nasal secretions and Jao et
al. (16) subsequently repeated the observations
and found interferon to be present in much
higher concentrations in nasal secretions than
in serum.
As was expected from previous work (9, 25,

31, 32), these seven animals were resistant to
reinfection 3 to 5 weeks later, as shown by their
lack of virus shedding subsequent to challenge,

Interferon (% Inhibition of Virus Yield)
999

32 Secretory Ab ( Neut.) 0

I 00 @0 00*fB-, ~*00 *

2 I: 0s 4* .. 0

<1 AW0 0

. ~ ~ ~ ~~~~, -- I=

1024-
256j
6L
16
<8

Serum Ab (HI)

-

0
,_

/

IV

Virus Isolation
+++ +++4+ D++++++fD
+ ++++i-D

Virus Virus Virus
5/3/72

10 20 34 410
Days

FIG. 2. Time course of several parameters after
infection of normal ferrets with influenza virus. Vi-
rus isolation: each row ofpluses or minuses refers to
a single animal (+, virus isolated from nasal secre-

tions; -, no virus isolated from secretion; D, death of
the animal). Serum antibody refers to the serum HI
titer against the infecting virus. The dotted HI line is
taken from Fig. 1. Secretory "Ab" (antibody) refers
to virus-neutralizing activity in nasal secretions.
Interferon refers to the percentage of inhibition of
viral growth in ferret kidney cells by either serum

(x) or secretion (-) from two animals representative
of the seven animals studied.
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rather than rising to over 1:1,000 during the
next 3 weeks as seen in the control group (Fig. 1
and 2). In this experiment secretory "antibody"
was monitored more closely and appeared to be
similar to that of the control animals depicted
in Fig. 2. Although these values are quite vari-
able, there appears to be a rise in virus-neutral-
izing activity. Therefore, the suppressive effect
of the passive antisera had a much greater
effect on serum antibody than on secretory neu-
tralizing activity. This is consistent with local
synthesis of antibody as suggested by Shore et
al. (30). Interferon production was quite compa-
rable to that of normal animals with influenza.
Upon rechallenge of four of the animals, three
did not shed virus and the fourth animal shed
for only 3 days. None developed significant in-
terferon in secretions or serum (not shown), and
the subsequent antibody rise was less promi-
nent than in the experiment shown in Fig. 3.
Although the duration of virus shedding was

similar in the control and passive antibody

Interferon (% Inhibition of Virus Yield)

FIG. 3. Time course of several parameters after
infection of ferrets that 2.5 days previously had pas-
sively received ferret antibody to challenge influenza
virus. The symbols are similar to those of Fig. 2,
except that (x) refers to the two animals that shed
virus and (0) to the three that did not and ( 4) or (x)
refers to assays wherein an end point was not
reached. All the interferon assays were performed on
nasal secretions.

had titers of : 1:8 on day 9 postinfection,
whereas the control animals described above
(Fig. 1 and 2) had titers of -1:256. Further-
more, on rechallenge at day 21, at which time
all five animals had no detectable serum anti-
body, three of the five animals were resistant to
reinfection as judged both by lack of virus shed-
ding and lack of interferon response. The other
two animals shed virus for less than 6 days and
had no detectable interferon production. The
majority of these animals, both virus shedders
and nonshedders, subsequently developed
small, but definite, serum and secretory anti-
body responses.

This experiment was repeated (Fig. 4) with
10 animals that were injected intraperitoneally
with 20 ml of antisera with an HI titer of 1:256.
These animals had HI titers of 1:32 or 1:64
before challenge with live virus. All 10 shed
virus, and the duration was comparable to that
of the control ferrets (Fig. 2). Once again the
serum HI antibody diminished or disappeared,
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groups discussed above, it is possible that the
amount of virus shed could be quite different.
To test this possibility, three ferrets that had
never been previously infected were given pas-

sive antibody, challenged intranasally with
live virus, and subsequently monitored quanti-
tatively for virus shedding (by determining the
number of EID.5 doses in the nasal wash) and
for serum HI antibody rise. Two animals re-

ceiving no passive antibody served as controls.
Table 1 gives the results of this experiment.
Once again passive antibody suppressed the
serum HI response. Maximum virus shedding
occurred between days 2 and 5 and was between
1-I and 106 5 per ml of nasal wash for four of
the five animals. Since nasal wash fluid is an
unknown and variable dilution of the actual
nasal secretions, exact comparisons were not
possible. Evaluation of the dilution factor by
measuring the protein concentration of the
samples is not a satisfactory solution, since
there was up to a fourfold variation among

normal ferrets and a superimposed three- to
fivefold increase in protein concentration
within a given animal as a result of infection
(26). Within these limits there was no obvious
suppression of virus shedding in the group
given passive antibody.
To further investigate the role of passive an-

tibody in protection from influenza, two female
ferrets (-300 g each) were given a massive dose
offerret serum antibody to influenza virus. The
antibody was prepared and concentrated by
precipitation with 33% saturated ammonium
sulfate so that it had an optical density at 280
nm (1 cm) of 21 (i.e., -16 mg/ml) and an HI titer
of 1:1,024. Each ferret received 120 ml intraperi-
toneally during a 4-day period and had a serum
titer of 1:1,024 just prior to challenge with the
influenza virus. Both ferrets had virus in their
nasal secretions 2, 4, and 6 days after chal-
lenge and hence fulfilled the definition of being
infected. One animal shed 105 25 EID.5,0 of virus
whereas the other shed 102.75 on day 4. Two
control animals that did not receive passive

antibody shed 105l25 and 104 5 EIDSO on day 4.
The massive dose of passive antibody clearly
did not protect either animal from infection and
did not measurably suppress virus shedding in
at least one of them.

DISCUSSION
Protection against infection. The experi-

ments described in this paper suggest that se-

rum antibody does not prevent influenza infec-
tion. Fifteen ferrets that were given passive
ferret antibody to influenza in the form ofwhole
serum had serum HI titers between 1:16 and
1:64 and were all readily infected when chal-
lenged with live virus intranasally. It can be
argued that titers of this magnitude are inade-
quate to protect ferrets. We therefore gave mas-
sive doses of immunoglobulin to two ferrets and
achieved passive in vivo HI titers of 1:1,024
(i.e., similar to peak postinfection titers in fer-
rets) just prior to challenge. This large amount
of passive antibody did not protect the ferrets
from infection. Since the antisera were pro-

duced in response to infection, we presume
there was also a large amount of antineuramin-
idase antibody present, although we did not
measure it. From these data it is tempting to
conclude that serum HI and perhaps antineura-
minidase antibody cannot, in and of itself, pro-
tect the ferret from influenza infection. There
are, however, two possible objections to this
conclusion. One is that the challenge dose was
too large to demonstrate the effectiveness of the
serum antibody. Although this is possible, it
should be pointed out that the dose of virus was
not sufficient to overcome the natural immu-
nity present 21 days postinfection. The other is
that the ammonium sulfate fractionation proce-
dure used in the high-dose experiments re-
moved a class or subclass of antibody that is
protective. It should be emphasized that this
data dose not rule out a possible role for serum
antibody in the prevention of disease, as op-
posed to infection. Passive serum HI antibody
has been clearly shown to prevent death of mice

TABLE 1. Quantitation of virus sheddinga

AI titer Virus shed (log1. of EID5/ml) HI titer
Ad(day 0) Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 (day 14)

Control <16 5.5 6.3 3.75 <2 1,024
<16 3 4.75 5.25 3.75 4.5 <2 <2 1,024

Passive antibody 256 <3 4.5 3.5 3.5 3.5 2.5 16
256 4.25 5.5 5.5 4.5 3.75 3.5 <2 32
128 <3 2.5 3.25 3 3.75

a Each animal was infected intranasally with 0.1 ml of a 10-2 dilution of influenza virus on day 0. Virus
shedding refers to the amount of virus in nasal secretions obtained as described (26).
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when given prior to influenza infection (21, 35),
yet it did not prevent infection (21). Challenge
studies in humans have also shown that it is
possible to reinfect three of four volunteers
within less than a year while they still had
demonstrable HI antibody but none of them
became clinically ill during the second infection
(24).
In addition to susceptibility to influenza in-

fection in the presence of serum antibody, re-
sistance in the absence of detectable serum an-

tibody was also observed. All the ferrets given
passive antibody prior to challenge had de-
creased convalescent serum HI antibody titers
when compared with infected controls. Nine of
these animals were challenged 21 days after
their original infection and six were found to be
immune, whereas three shed virus for 3 or 4
days but showed no significant interferon re-

sponse. Thus, six were immune and the other
three were partially immune, in spite of the
fact that five of the nine had no detectable
serum antibody and the other four had very low
titers. We conclude that the immunity must be
due to a host defense mechanism other than
serum HI antibody.

Several host defense mechanisms might be
suggested to explain the immunity present
after infection with influenza virus: (i) secre-
tory antibody-mediated immunity, (ii) cell-me-
diated immunity, or (iii) nonspecific resistance.
Secretory antibody is certainly a possibility,
but from our data and those of others (22, 28,
30) it is not possible to draw compelling conclu-
sions. The secretions are greatly and variably
diluted during collection and hence the titers
represent the "tip of an unknown iceberg." We
hope that repeating the experiments using ani-
mals with tracheal pouches (1) will enable us to
obtain tracheal secretions without dilution and
thereby to be able to better evaluate the role of
secretory antibody. Cell-mediated immunity,
either local (38) or systemic, seems to be a

possibility. The work of Liew and Parish (19)
has shown that homologous or heterologous
passive antibody can enhance cell-mediated im-
munity at the same time it inhibits antibody
responses. Hence, there is no reason to rule out
the possibility that the immunity present at 21
days in the immune suppressed animals might
not be cell mediated. But more work is clearly
indicated. Nonspecific factors, such as inter-
feron or exhaustion of susceptible cells, re-

mains to be considered.
Recovery from infection. As stated earlier,

all of the animals that received passive anti-
body and were subsequently infected had mark-
edly reduced serum HI titers to influenza and a
few had no detectable serum antibody shortly

after cessation of virus shedding. In spite of this
apparent lack of serum antibody, these animals
did not appear to be different from control in-
fected animals in terms of duration of virus
shedding or interferon response to the infec-
tion. The amount of virus shed may have been
comparable or perhaps somewhat reduced in
the passive antibody group. We therefore con-
clude that detectable serum HI antibody alone
plays no role in ferrets' recovery from influ-
enza.
What is responsible for recovery from influ-

enza? Neutralizing activity is clearly present in
secretions of our normal and "suppressed" fer-
rets subsequent to infection, but not prior to the
primary infection. In previous experiments
with ferrets, Shore et al. (30) have shown virus-
neutralizing activity of secretions obtained in
early convalescence from influenza infection.
As discussed above, our data on the levels of
neutralizing activity in secretions are too varia-
ble to draw definite conclusions, but secretory
antibody cannot be ruled out as being impor-
tant in recovery. Interferon is present in secre-
tions in high concentrations and at the right
time to account for the cessation of virus shed-
ding, but our data do not prove a causal rela-
tionship. They only show a temporal one.
Another possible explanation is that the virus
has destroyed all the susceptible cells and there
are none lef& in which the virus can replicate.
Francis and Stuart-Harris (11) showed that the
virus destroys the respiratory epithelial cells
and causes essentially complete desquamation
of the ciliated columnar epithelium by day 4,
and by day 6, when the animal is convalescent,
its respiratory tract is lined with transitional
epithelium. Since the virus replicates in ciliated
epithelial tissue, it is certainly possible that the
destruction of that tissue is a significant factor
in determining the cessation of virus replica-
tion. Additional unknown factors or combina-
tions cannot be excluded.

Suppression of antibody response. Observa-
tions similar to those reported here were made
in the mouse influenza model by Loosli et al.
(21) over 20 years ago and have largely lain
fallow since. These investigators challenged
mice, previously immunized in a variety of
ways, with PR8 influenza virus and observed
that passive antibody did not prevent virus
shedding, although it did reduce the duration
and amount of virus shed. HI serum antibody
re3ponse to the infection was markedly re-
duced, so that 21 days after infection the pas-
sively immunized animals had no detectable
antibody (<1:16) in marked contrast to other
groups (e.g., 1:768). When these mice were re-
challenged 21 days after the onset of the first

INFECT. IMMUN.
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infection, more than one-half were resistant to
between 10 and 1,000 50% lethal doses of influ-
enza virus. These animals did develop serum
antibody subsequent to the second challenge.
The obvious similarity of the general design
and results of their and our experiments sug-
gests that the same basic phenomenon is opera-
tive in both mice and ferrets in spite of the
different disease produced by influenza virus in
these species (mice get a fetal pneumonia
whereas ferrets get tracheobronchitis). They
used rabbit antisera in mice, whereas we used
ferret antisera; hence both heterologous and
homologous antisera seem able to induce the
immune unresponsiveness.

In light of the work that has been done subse-
quent to that of Loosli et al. (21) in studying the
effects of passive antibody on the immune re-
sponse (see review by Uhr and Moller [351), it is
possible to draw analogies with the observa-
tions made using influenza virus, an immuno-
gen which can replicate, and the literature us-
ing nonreplicable immunogens. Clearly passive
antibody can be immunosuppressive for anti-
body formation. The suppression of the host
systemic antibody response to an infectious
agent may prove to be a technique of considera-
ble value in the study of other infectious dis-
eases. In the experiments presented here, it has
helped to delineate the role, or lack thereof, of
detectable serum antibody in protection and
recovery from infection with influenza virus.
This phenomenon may also be important in in-
fections of the newborn where the infant has
received passive antibody transplacentally
from its mother.
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