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In recent years concern has mounted regarding the possibility of a re-emergence of smallpox through
biowarfare or bioterrorism. There is also concern over the incidence of human monkeypox in endemic
areas and the potential for monkeypox to be accidentally transported to non-endemic areas. In the event
of re-emergence of smallpox or emergence of monkeypox, the accepted route of administration for live
replicating smallpox vaccine is dermal scarification, which generates a virus-shedding lesion that persists
for several days at the vaccination site. The lesion is a potential source of contact transmission of vaccine
to individuals who may be contra-indicated for receipt of the live vaccine. In this study, we compare der-
mal scarification with intramuscular vaccination for replicating smallpox vaccine in a mouse lethal chal-
lenge model. Comparisons are made over multiple vaccine and challenge doses and data recorded for
lethality, disease severity, and antibody responses. Qualitative and quantitative differences between
the two routes are observed, and for the intramuscular route the febrile response is not suppressed after
subsequent virulent vaccinia virus challenge. However both routes generate an immune response and
protect from severe disease and death. Although dermal scarification is the preferred route of vaccination
for the general population, intramuscular vaccination may be an option for people who are not con-
traindicated for the live vaccine, but who are close contacts of people who are contraindicated for the live
vaccine, in an emergency situation.

Crown Copyright � 2017 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Variola virus (VARV, the causative agent of smallpox) and mon-
keypox virus (MPXV) are orthopoxvirinae. Orthopoxviruses are
sufficiently related that infection with one can induce protection
against the others, which facilitated use of vaccinia virus (VACV)
as a live vaccine against both smallpox and monkeypox.

Traditional smallpox vaccine has side-effects associated with
vaccine-virus replication (e.g. generalised vaccinia; progressive
vaccinia; eczema vaccinatum; myopericarditis). The vaccine causes
an open lesion which can result in accidental inoculation of sites
such as eyes and genitalia, and transfer to contacts. There are
known contra-indications which allow identification of some indi-
viduals at risk, but this cannot always prevent transfer to such peo-
ple. There have been life-threatening adverse effects in both
vaccinees and contacts in recent years [1–3].
Newer replicating vaccines produced in cell culture are
expected to have the same side-effect profile [4–6]. The needs of
people with contra-indications are likely to be met with a non-
replicating vaccine (Modified Vaccinia Ankara; MVA) [7–9] or a
highly attenuated replicating vaccine strain (Lc16M8) [10–14].
However, in the event of a smallpox emergency the majority of
available vaccine will be the newer replicating vaccines based on
the Lister and Dryvax traditional vaccines.

The traditional vaccine is administered by dermal scarification,
causing an open skin lesion. Previous human studies have shown
that intramuscular (i.m.) vaccination avoids open lesions but
induces a qualitatively different immune response. Intramuscular
vaccination would reduce the incidence of mild (autoinoculation)
and severe (eczema vaccinatum and progressive vaccinia in con-
tacts) side-effects. However it is not known if it would give suitable
protection [15].

The MVA vaccine is administered by i.m. or subcutaneous injec-
tion, and protects animals from orthopoxvirus disease [16–23].
Here we compare efficacy of the Lister vaccine by i.m. injection
and scarification in a mouse lethal model. We have previously used
this model to compare historical and replacement Lister vaccines,
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and the MVA strain [18,24]. We show here that i.m. administration
of replicating Lister vaccine is equivalent to scarification for effi-
cacy in mice, and avoids open lesions. There are quantitative differ-
ences in both immune response and disease severity. While
scarification remains the recommended route for administration
of live smallpox vaccines, our data indicate that in an emergency,
i.m. injection is worthy of consideration for people with no con-
traindications but who have close contacts who are contraindi-
cated and at risk of vaccine transfer.

2. Methods

2.1. Study design

6–8 week old female Balb/c mice were purchased from Charles
River, UK. All mice were identified by unique microchip, and habit-
uated for one week before sorting into 36 random groups of 5 mice
per cage. Vaccinations and challenges were administered as
described below and in Table 1, with vaccinations given on day
1, and challenges on day 28. Sham vaccinations used PBS. Surviving
mice were humanely culled on day 42. Blood was drawn from the
tail vein of subsets (n = 5 per subset) of mice at each vaccination
dose on days 7, 14, 21 and 28. The same mice were used for each
successive blood sample. The dose range for vaccination was
selected to have a median of the human vaccination dose, not
adjusted for weight. The challenge doses were selected to be as
high as possible for the route of delivery.

2.2. Viruses

VACV strains Lister and WR were purchased from the Swiss
Serum Institute (SSI) and the ATCC respectively. Viruses were cul-
tured in RK13 rabbit kidney cells in DMEM with 2% foetal bovine
serum (FBS), 3 mM glutamine, and 100 units/ml penicillin and
streptomycin. Virus was harvested by Dounce homogenisation of
infected cells, and purified by ultra-centrifugation through a
sucrose cushion. Virus was quantified by plaque titration on mono-
layers of RK13 cells, and stored at �80 �C.

2.3. Vaccinations

A single dose of Lister vaccine suspended in PBS was adminis-
tered to mice as described [18]. For scarification, up to
1 � 107 pfu of vaccine, or sham (PBS) control was applied to a
shaved flank in a 10 ml volume, and the area gently scarified with
a 27 gauge needle using five strokes left-to-right and five strokes
top-to-bottom. Intramuscular administration was by injection of
up to 1 � 107 pfu of vaccine or sham (PBS) control into the
unshaved flank in a 20 ml volume. Flanks were shaved 24 h prior
to vaccination. Mice were housed with access to food and water
ad libitum, and studies were in accordance with the UK Scientific
Procedures (Animals) Act 1986, and UK Codes of Practice for the
Housing and Care of Animals used in Scientific Procedures 1989.
Table 1
Vaccination and challenge groups.

Challenge (WR) dose (pfu/mouse) 1 � 107 1 � 108 3.4
Vaccine (Lister) dose (pfu/mouse) Scarified (n)

1 � 103 5 5 5
1 � 104 5 5 5
1 � 105 5 5 5
1 � 106 5 5 5
1 � 107 5 5 5
PBS 5 5 5
2.4. ELISA

ELISAs were performed as previously described [25]. Up to 50 ml
of blood was drawn from the tail vein and centrifuged at 10,000g
for 10 min at room temperature, and serum collected. ELISA anti-
gen was VACV Lister, coated onto ELISA plates at 1 � 106 plaque
forming units (pfu)/well. Excess binding capacity was adsorbed
with 2% milk powder, after which sera were applied at a 1/10 dilu-
tion in PBS in 100 ml volumes, with two wells per sample. Specific
binding was detected with biotinylated goat anti-mouse IgG anti-
body, visualized with streptavidin-conjugated horse radish perox-
idase and ABTS (Sigma). Optical density was measured with a
405 nm filter.

2.5. Mouse challenges

For challenge experiments, 1 � 107, 1 � 108, or 3.4 � 108 pfu of
VACV strain WR suspended in PBS was administered in 10 ll to a
single nares without anaesthesia. Challenges were administered
28 days after vaccination. Daily weights, temperatures and clinical
signs were recorded. Temperatures were measured with a digital
probe held in the forelimb axilla. All temperature measurements
were performed by the same operator for consistency. Humane
endpoints were either 30% body weight loss or acute clinical signs.
Experiments ended 14 days after challenge.

2.6. Clinical scoring

Animals were scored twice daily after challenge, for head
oedema; head shaking; eye problems; respiratory problems; rales;
hunched posture; and ruffled fur. Each mouse was given a score of
1 for each condition that occurred, and if it achieved a score of 5 or
more at any single check, weight loss of �30%, or was unable to
open both eyes, it was humanely culled.

2.7. Statistical analysis

Data from individual mice was subjected to analysis of variance
(ANOVA) or 2-way ANOVA. Daily weight was calculated as a per-
centage of initial weight. Minimum daily weight for each mouse
post-vaccination and post-challenge was used for comparisons,
as were the minimum and maximum temperatures.

3. Results

The Lister vaccine was administered to mice by scarification or
i.m. routes, and the mice subsequently challenged with a range of
doses of VACV strain WR, rising to the maximum that could be
administered by the intranasal (i.n.) route. In the interval between
vaccination and challenge, temperature differences were observed
between scarification and i.m. groups (Fig. 1A and B). There was no
significant difference between the routes for minimum tempera-
ture of mice over the 28 day post vaccination period (P = 0.36,
� 108 1 � 107 1 � 108 3.4 � 108 Totals
Intramuscular (n)

5 5 5 30
5 5 5 30
5 5 5 30
5 5 5 30
5 5 5 30
5 5 5 30

Grand total 180
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Fig. 1. Temperature (A, B) and weight (C, D) profiles of animals vaccinated by the scarification (A, C) or i.m. (B, D) route. Six- to eight-week-old female Balb/c mice were
vaccinated with VACV strain Lister at doses of: 1 � 103 ( ); 1 � 104 ( ); 1 � 105 ( ); 1 � 106 ( ); or 1 � 107 ( ) pfu/animal as described in Materials and Methods, or sham
vaccinated with PBS( ). Animals were monitored daily for temperature and weight. Percentage weight was calculated as the percentage of initial weight for each animal.
Data is presented as the daily mean temperature and percentage weight for each group. Group size = 10. Data from individual mice was subjected to 2-way ANOVA to
compare the two vaccination routes, and a series of ANOVAs to compare each vaccination dose with the cognate mock vaccinated group. A further 5 mice for each group were
not monitored for post-vaccination weight or temperature. These additional mice were required to provide enough animals for subsequent challenge procedures. The animals
not monitored for post-vaccination temperature and weight were all assigned to the 3.4 � 108 pfu challenge groups in subsequent procedures.
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2-way ANOVA). However, there was a significant difference for
maximum temperature, with the temperature for i.m. vaccinated
mice depressed by an average of 0.48 �C relative to scarified mice
(P = 6.45 � 10�11, 2-way ANOVA). There was no difference
between the maximum temperature for control groups sham inoc-
ulated with PBS by the two routes (P = 0.11, ANOVA), or between
individual scarification doses and the sham scarified group
((P � 0.12, ANOVA). However, for the i.m. route, the maximum
temperature during the post vaccination period was depressed in
all groups relative to the sham vaccinated controls (P � 0.0006,
ANOVA, average depression of 0.66 �C).

With respect to post-vaccination weight there were also differ-
ences between scarification and i.m. routes (Fig. 1C and D). There
was no difference between the routes for the minimum weight
post vaccination (P = 0.2, 2-way ANOVA). However, i.m. vaccinated
mice gained significantly more weight than scarified mice over this
period (P = 7.12 � 10�5, 2-way ANOVA, average percentage differ-
ence 2.8%). There was no difference between the maximum per-
centage weight gain for control groups sham inoculated with PBS
by the two routes (P = 0.2, ANOVA), or between individual scarifi-
cation doses and sham scarified controls, although the 103 pfu
scarification group fell between the 95% and 99% confidence limits
(P = 0.022; other groups P � 0.24, ANOVA). However, for the i.m.
route, the maximum percentage weight gain was elevated in sev-
eral of the groups relative to the sham vaccinated control group
(P ranges from 0.0084 to 0.74).

Subsets of animals were monitored weekly for serum antibody
by ELISA. Significant differences were observed in the rate at which
the anti-VACV antibody response developed, with the i.m. route
stimulating a more rapid development of anti-VACV IgG antibody
in serum than scarification at the highest vaccine dose, apparent
at day 7 (P = 1.29 � 10�7, 2-way ANOVA); although the ultimate
level of response was stronger in scarified animals, and observed
at lower vaccine doses (Fig. 2). All scarified animals developed a
lesion at the vaccination site. However no animals vaccinated by
the i.m. route developed an observable lesion, at any vaccine dose
(not shown).

At 28 days post-vaccination, mice were challenged with VACV
strain WR as described in Methods, with increasing doses up to
the maximum that could be administered without anaesthesia.
Lethality was dependent on challenge dose in sham-vaccinated
controls (Fig. 3), while disease severity was dependent on both
challenge and vaccine dose in vaccinated animals.

Differences between the vaccination routes were observed in
temperature measurements (Fig. 4). For scarification, there was
no difference between maximum temperatures pre- and post-
challenge for the 107 and 108 pfu challenge doses, over all vaccine
doses (P = 0.08 and 0.3 respectively, 2-way ANOVA). A significant
difference was observed at the highest challenge dose, where the
post-challenge temperature was elevated by average 0.31 �C over
all vaccine doses (P = 0.0003, 2-way ANOVA). There was no differ-
ence between pre- and post-challenge minimum temperatures for
scarified animals (P � 0.2, 2-way ANOVAs)

For the i.m. route post-challenge maximum temperatures were
elevated at all challenge and vaccine doses, by between 0.66 �C and
0.98 �C respective to the post-vaccination maxima (P � 1.1 �
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Fig. 2. ELISA of sera from vaccinated animals. Subsets (n = 5) of the animals described in Fig. 1 receiving vaccine at doses of 1 � 103 ( ); 1 � 104 ( ); 1 � 105 ( ); 1 � 106

( ); or 1 � 107 ( ) pfu/animal, or sham vaccinated with PBS( ), were selected for blood collection for serology. Animals were sequentially bled at 7 (A), 14 (B), 21 (C), and 28
(D) days post vaccination. Sera were prepared and used as described in Material and Methods. Data is shown as means and standard deviations of the results from the 5 mice
in each subset.

0

1

2

3

4

5

6

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Days post-challenge

N
o  o

f S
ur

vi
vo

rs
 

Fig. 3. Lethality of i.n. challenge in mock vaccinated controls. Control animals
described in Fig. 1 were mock vaccinated with PBS by the scarification (filled
symbols) or i.m. (empty symbols) routes and challenged i.n. 28 days later with
VACV strain WR at 1 � 107 ( , ), 1 � 108 ( , ), or 3.4 � 108 ( , ) pfu/animal.
Surviving animals were recorded daily until 14 days post-challenge, when remain-
ing animals were culled. Group size = 5.
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10�10, 2-way ANOVAs). Post-challenge minimum temperatures
were also elevated in i.m. vaccinated animals, with differences at
107 and 108 pfu challenge doses (0.38 and 0.39 �C respectively;
P � 2.2 � 10�6, 2-way ANOVAs). At the highest challenge dose of
3.4 � 108 pfu, the post-challenge minimum temperature was ele-
vated by 0.2 �C relative to pre-vaccination minima, with P = 0.02,
falling between the 95% and 99% confidence limits (2-way ANOVA).

Comparison of post-challenge maximum temperatures between
the routes gave a similar picture. Intramuscular vaccinated animals
had elevated temperatures relative to scarified animals over all
challenge and vaccine doses (0.22 to 0.32 �C, P ranging from 0.01
to 1.5 � 10�5, 2-way ANOVAs). For post-challenge minimum tem-
peratures, i.m. vaccinated mice had values elevated relative to
scarified mice only at the lowest challenge dose (P = 4.9 � 10�5,
0.44 �C, 2-way ANOVA). At the higher challenge doses there was
no significant difference (P = 0.02 and 0.87, 2-way ANOVA), over
all vaccine doses.

In vaccinated mice there were differences in post-challenge dis-
ease severity between the two routes when assessed by weight
loss (Fig. 5). Scarified mice lost more weight after challenge than
i.m. vaccinated mice. The difference was observed at all vaccine
doses for the mice challenged with 107 or 108 pfu (P = 0.0003 for
both, 2-way ANOVA, average percentage difference 3.8% and 2.6%
respectively). At the highest challenge dose of 3.4 � 108 pfu there
was no difference in weight loss between the routes over all vac-
cine doses (P = 0.13, 2-way ANOVA).

Intramuscular vaccination leads to depressed temperatures in
the post-vaccination period, but elevated temperatures upon sub-
sequent challenge, while the scarification route does not affect
temperature either post-vaccination or post-challenge, except at
very high challenge dose. However, scarified mice experienced sig-
nificantly greater weight loss post-challenge than i.m. vaccinated
counterparts. At lower challenge doses, weight loss is a more sen-
sitive marker of disease severity than temperature.

Animals were assessed twice daily post-challenge for clinical
signs, providing a humane endpoint in addition to weight loss.
Most animals exhibited clinical scores, chiefly ruffled fur and occa-
sional hunched posture between days 3–12 (not shown). At vac-
cine dose 103 pfu, higher clinical scores were observed post-
challenge (ruffled fur, hunching, respiratory problems, eye prob-
lems, head shaking and head oedema). There were no differences
in magnitude of post-challenge clinical score between the two
routes at any challenge dose (P � 0.13) (Fig. 6). Interestingly, for
both routes, clinical scores were lowest in the groups that com-
bined the highest vaccine dose with the highest challenge dose.
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Fig. 4. Temperature profiles of animals challenged with virulent VACV after vaccination by the scarification (A, C, E) or i.m. (B, D, F) routes. Animals described in Fig. 1
vaccinated at doses of: 1 � 103 ( ); 1 � 104 ( ); 1 � 105 ( ); 1 � 106 ( ); or 1 � 107 ( ) pfu/animal, or sham vaccinated with PBS( ) were challenged i.n. 28 days after
vaccination with VACV strain WR at 1 � 107 (A, B), 1 � 108 (C, D), or 3.4 � 108 (E, F) pfu/animal. Animals were monitored daily for temperature for 14 days post-challenge,
after which surviving animals were culled. Data is presented as the daily mean temperature for each group. Data from individual mice was subjected to 2-way ANOVAs to
compare the two vaccination routes; and separately to compare vaccination/challenge doses for each route with a randomly chosen subset of pre-challenge data from the
cognate vaccination dose. Group size = 5.
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This suggests the possibility that the larger bolus of virus in the
high challenge groups may interact with the adaptive immune
response in a manner that improves outcomes, in this system.
4. Discussion

The success of smallpox eradication is testament to both the
determination of all those involved, and the efficacy of the live vac-
cines [26]. However, the live vaccines were associated with some-
times severe or fatal adverse events. The universal open, shedding
vaccination lesion could result in vaccine transmission to close
contacts, such that contraindicated people are at risk from close
contact with others who are recently vaccinated, especially family
members.

When vaccination was started by Edward Jenner in the 18th
century, scarification was logistically simpler than any type of
injection. Thus the early history of successful vaccination in Europe
was one of scarification. The precautionary principle provided
strong arguments in favour of retaining scarification as the pre-
ferred route after parenteral inoculation routes became more gen-
erally available. Furthermore, the scarification lesion left a
permanent scar identifiable decades later. This provided an easy,
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Fig. 5. Weight profiles of animals challenged with virulent VACV after vaccination by the scarification (A, C, E) or i.m. (B, D, F) route. Animals described in Fig. 4 vaccinated at
doses of: 1 � 103 ( ); 1 � 104 ( ); 1 � 105 ( ); 1 � 106 ( ); or 1 � 107 ( ) pfu/animal, or sham vaccinated with PBS( ) and challenged i.n. with 1 � 107 (A, B), 1 � 108 (C,
D), or 3.4 � 108 (E, F) pfu/animal, were monitored daily for weight for 14 days post-challenge, after which surviving animals were culled. Data is presented as the daily mean
percentage weight for each group. Percentage weight was calculated as the percentage of initial weight for each animal. Data from individual mice was subjected to 2-
wayANOVAs to compare the two vaccination routes; and separately to compare vaccination/challenge doses for each route with a randomly chosen subset of pre-challenge
data from the cognate vaccination dose. Group size = 5.
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low burden method for identifying unvaccinated people in need of
vaccination in outbreaks.

There is little data on the efficacy of live smallpox vaccines
delivered by the i.m. route, although studies indicate that i.m. vac-
cination results in lower levels of neutralizing antibody and cellu-
lar responses. However there is a notable safety advantage to this
route in that it does not generate an open, shedding lesion [15],
and significantly reduces risk of transmission to close contacts of
vaccinees. It is also more accurate than scarification with regard
to the dose delivered. Importantly, previous studies in humans
were unable to assess the response of i.m. vaccinees to a serious
challenge, for obvious reasons.
Our data show differences in pathology in challenged animals
vaccinated by scarification or i.m. routes. VACV is known to sup-
press the febrile response in mice, through the action of virus
encoded immunomodulatory proteins [27]. Poxviruses generally
encode a variety of proteins that interact with host cytokines and
cytokine receptors (reviewed in: [28–31]), and route of infection
has been shown to affect the composition of leukocyte infiltrates
at the infection site [32]. Our data demonstrate differences
between i.m. and scarification vaccinated animals after challenge
with virulent VACV WR, whereby the febrile response is absent
in scarified animals but present in i.m. vaccinated animals. As the
challenge route and virus are the same for both groups, this
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Fig. 6. Post-challenge clinical scores of vaccinated animals. All challenged animals
that received vaccine at doses of 1 � 103 ( ); 1 � 104 ( ); 1 � 105 ( ); 1 � 106

( ); or 1 � 107 ( ) pfu/animal, were evaluated daily for clinical signs of disease as
described in Methods. The scores for each group over the entire 14 day post-
challenge period were aggregated and plotted in histograms, for challenge doses of
1 � 107 (A), 1 � 108 (B), and 3.4 � 108 (C). Comparison of scarification and IM routes
was by separate ANOVAs for each challenge dose, over all vaccine doses.
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difference is a feature of the vaccination route that affects the
response to subsequent severe challenge, and suggests that i.m.
vaccinated animals are better able to ablate or avoid virus-
encoded mechanisms that suppress innate immunity.

This is supported by our finding that i.m. vaccinated animals
were better able to maintain weight after challenge than scarified
animals. Weight loss provides a good indicator of eventual mortal-
ity [24], and our finding suggests that disease severity in i.m. vac-
cinated mice after challenge is less than in scarified counterparts.

Although we did not examine the cell-mediated immune
response in this study, we did look at development of the antibody
response. Scarified animals developed a higher level antibody
response than i.m. vaccinated animals with respect to signal
strength, and developed a response at lower doses of vaccine. By
the measure of specific antibody induction, scarification would
appear to be a superior route. However, by the measure of post-
challenge disease severity, i.m. vaccination appears to have poten-
tial benefits. Clearly there are qualitative differences between the
two routes, but these are unlikely to warrant a change in strategy
for the general application of smallpox vaccine in an emergency.

Recently, the United States government has acquired a stockpile
of live replicating smallpox vaccine for emergency use, and a non-
replicating MVA-based vaccine for people who are contraindicated
for the live vaccine [23]. It is possible that family members of con-
traindicated people might also be offered the MVA-based vaccine
to remove the risk of live vaccine transmission. However, in an
emergency, supplies of the MVA vaccine might be limited, depend-
ing on the location of an outbreak(s) and other logistic factors.
While there are good reasons for continuing to advocate scarifica-
tion for general administration of the live vaccine, this study
suggests the utility of administering live vaccine by the intramus-
cular route to family members of contraindicated people if MVA-
based vaccine is not available, thus increasing the options for
balancing outbreak control with prevention/reduction of adverse
events.

The standard dose of smallpox vaccine for humans is �1 � 105

to 1 � 106 pfu, and we chose 1 � 105 pfu as the mid-point of our
dose range because a previous study has used this dose by the i.
m. route in man [15]. Our data show quantitative and qualitative
differences between scarification and i.m. routes with respect to
disease profile and severity after subsequent challenge. However,
i.m. vaccination with live vaccine is still effective in inducing an
immune response in mice, and ameliorating disease and prevent-
ing death after challenge with VACV WR. We conclude that in an
emergency where stockpiles of vaccine(s) are limited, i.m. admin-
istration of live smallpox vaccine could be considered for people
who are not contraindicated for smallpox vaccination, but who
are close contacts of people who are contraindicated; and that fur-
ther research to examine this is needed.
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