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SUMMARY

Plasmid DNA continues to attract interest as a potential vaccine-delivery vehicle. However, the
mechanisms whereby immune responses are elicited by plasmids are not fully understood.
Although there have been suggestions regarding the importance of CpG motifs in plasmid
immunogenicity, the molecular mechanisms by which CpG motifs enhance immune responses to
DNA vaccines are not well understood. As Toll-like receptor 9-deficient (TLR9_/ 7) mice fail to
respond to the adjuvant effects of CpG oligonucleotides, we used these mice to determine the
effect of CpG motifs in plasmids used for DNA immunization. In the study described below, we
report that DNA immunization was as effective in eliciting antigen-specific antibody and at
stimulating antigen-specific interferon-y (IFN-y)-secreting cells in TLR9~/~ mice asin TLR9*/*
mice. This study illustrates that DNA vaccines elicit immune responses by multiple mechanisms
and demonstrates that TLR9Y is not essential for the induction of immune responses following

DNA immunization.
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INTRODUCTION

DNA vaccines continue to attract a great deal of interest in
both academia and industry. However, although DNA
vaccines have been shown to be effective in numerous
mouse models," the results in humans®* and large ani-
mals® have not been as encouraging. The need to improve
immune responses to DNA vaccines has caused researchers
to investigate protocols to increase the potency of DNA
vaccines. There are several ways to increase the immune
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responses elicited by DNA immunization, such as using
delivery methods for increasing gene expression,®’ adding
costimulatory molecules;® and modifying plasmids, inclu-
ding altering promoters, altering codon biases’ and adding
additional CpG motifs to the plasmid.'”

It has been hypothesized, by several research groups,
that CpG motifs found in plasmids, in particular motifs
located in the f-lactamase gene, might be responsible for
the T helper 1 (Th1) type responses induced by DNA vac-
cines. Indeed, it has been suggested that without CpG
motifs, DNA vaccines would not work.'"*!?

Previously, the only way to characterize the effects of
CpG motifs on DNA vaccination was to add or remove CpG
motifs from the plasmid. However, the results of these
studies could not be clearly interpreted as it is impossible to
create a plasmid without any immunostimulatory CpG
motifs or immunoinhibitory motifs.'® Several studies, where
additional CpG motifs were inserted into plasmids, have
been conducted in independent laboratories. Some experi-
ments showed that the addition of a CpG motif(s) enhanced
the immune responses to some DNA vaccines,'*!3 but other
investigators reported no significant difference in immune
responses elicited by the addition of CpG motifs.'®!” The
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mixed results of these studies raise questions about the
importance of CpG motifs in plasmid vectors. Understand-
ing the importance of CpG motifs in DNA vaccines may be
critical to advance the use of DNA vaccines in the field.
Toll-like receptor 9 (TLRY) is considered to be the CpG
receptor, as only cells that express TLR9 are activated
directly by CpG oligonucleotide (ODNSs), and transfection
of the TLRY gene allows cells, previously unresponsive to
CpG ODNS, to respond to CpG.'* In addition, TLR9 "~
mice do not respond to the adjuvant effects of CpG
ODN:G.'? These mice offer a unique system for investigating
the effect of CpG motifs during DNA immunization. The
purpose of this study was to determine whether immune
responses to a DNA vaccine would be quantitatively or
qualitatively altered in TLR9 ™ mice. In the present study,
we demonstrate that TLR9 ™ mice elicit both antibody and
cellular immune responses to DNA vaccines that are similar
in magnitude and type to those induced by wild-type mice.

MATERIALS AND METHODS

Mice

TLRY9 ™"~ mice were generated by Hemmi er al.,'® by dis-
rupting the TLRY gene with homologous recombination,
and bred on a C57Bl/6 genetic background. Breeding
pairs of TLR9 " mice, developed by Hemmi et al., were
obtained as a gift from Dr Heather Davis (Coley Pharma-
ceutical Group, Ottawa, ON, Canada). TLR9 "~ mice were
bred at the Vaccine and Infectious Disease Organization
(Saskatoon, SK, Canada). C57Bl/6 mice were purchased
from Charles River (Montreal, QC, Canada). Animals were
treated in compliance with the regulations of the Canadian
Council for Animal Care.

Genotyping of TLRY-deficient mice

To confirm that the TLR9™~ mice were truly deficient, total
cellular DNA was extracted from the tail tissues of mice
using a Dneasy'™ Tissue kit, according to the manufac-
turer’s instructions (Qiagen Inc., Mississauga, ON, Can-
ada). Cellular DNA extracted from 1-2 cm (tip section) of
rodent tail was stored in 200 ul of the supplied storage
buffer at —20° until further use.

The TLRY mutated allele was polymerase chain reac-
tion (PCR) amplified using a primer specific for the TLR9
gene downstream of the targeting construct (5-GCAA
TGGAAAGGACTGTCCACTTTGTG-3") and a primer
specific for the neomycin-resistant gene used for the tar-
geting construct (5-ATCGCCTTCTATCGCCTTCTTG
ACGAG-3"). The resultant 1-2-kbp fragment was PCR
amplified using Advantage® 2 DNA polymerase mix (BD
Biosciences Clontech, Palo Alto, CA) according to the
manufacturer’s instructions. The PCR reaction volumes of
25 ul contained 25 pmoles each primer, 0-2 mM dNTP mix
and 1 ul of the DNA template. PCR amplification was
conducted by an initial denaturation at 94° for 1 min fol-
lowed by 35 cycles of denaturation at 94° for 30 seconds,
annealing at 67° for 45 seconds, and extension for 1 min at
72°, with a final 10-min extension at 72°. TLR9 gene-
specific primers were used as controls to PCR amplify the
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wild-type TLRY allele using the above-mentioned protocol.
The TLRY gene-specific primers used were a primer specific
for the TLR9 gene downstream of the targeting construct
(5-GCAATGGAAAGGACTGTCCACTTTGTG-3") and
a TLRY-specific ‘wild-type’ primer (5-GAAGGTTCTGG
GCTCAATGGTCATGTG-3).

Plasmids

The plasmid vector, pCAN1, expressing the full-length gly-
coprotein D (gD) protein from bovine herpesvirus type 1
(BHV-1) under the cytomegalovirus (CMV) promoter
pCAN-gD (pgD), was used in the immunization experi-
ments.?° This plasmid contains CpG motifs in the ampicillin
resistance gene of the vector. The firefly luciferase gene was
amplified by PCR using the following primers (5-AAT-
GGAAGACGCCAAAAC-3) and (5-AT-TTTACAAT
TTGGACTTTCCG-3") from pMAS-luc.'”® The vectors
PMASIA, pBISIA24, pBISIA40 and pBISIA8S,?' con-
taining 24, 40 and 88 additional tandem CpG motifs,
respectively, were cut with Smal and the luciferase gene was
blunt-end ligated into the vectors to create pMASIA-luc,
pBISIA24-luc, pBISIA40-luc and pBISIA88-luc. Plasmids
were purified using endotoxin-free plasmid kits from

Qiagen.

Immunization

Male TLR9 ” and TLR9 /" C57B mice were immunized
by intradermal injection in the back with 0-1, 1 or 10 ug of
pCANgD in 10 ul of phosphate-buffered saline (PBS) or
with 1 ug of gD protein and 10 ug of CpG ODN (1826).
Mice were immunized on day 1 and received a second
immunization 4 weeks following the primary immuniza-
tion. Naive, unvaccinated mice were used as negative
controls.

Characterization of immune responses
BHV-1 gD-specific antibody responses were determined
using an enzyme-linked immunosorbent assay (ELISA), as
previously described, on sera 2 weeks after the final
immunization.>? Briefly, Immunlon 2 (Dynex, Chantilly,
VA, Canada) ELISA plates were coated with a truncated
version of gD (tgD)** (1 ug/ml) overnight at 4°. Glyco-
protein D-specific immunoglobulin G (IgG)1 and IgG2a
levels in serum were determined by using biotinylated goat
anti-mouse immunoglobulin specific to IgG1l and IgG2a
subclasses (Caltag, Toronto, ON, Canada) followed by
staining with streptavidin-conjugated alkaline phosphatase
(Jackson Immuno-research Laboratories, West Grove,
PA). The alkaline phosphatase activity was determined
by p-nitrophenol phosphate (PNPP) (Sigma, St Louis,
MO). The absorbance was read after incubation for 15—
20 min at 405 nm (Bio-Rad, Mississauga, ON, Canada).
Glycoprotein D-specific titres were calculated as the inverse
of the serum dilution that gave an absorbance (4) value two
standard deviations higher than the values for serum from
naive mice.

BHV-1-specific neutralizing antibody titres in serum
were determined as previously described.?® The titres were
expressed as the reciprocal of the highest dilution of serum
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that caused a 50% reduction in viral plaques relative to the
virus control.

Enzyme-linked immunosorbent spot-forming cell
(ELISPOT) assays for interferon-y (IFN-y) and interleukin
(IL)-4 were performed, as previously described, using cells
isolated from individual mouse spleens 2 weeks after the
final immunization.?* Briefly, 1 x 10 cells/well were placed
in 96-well culture plates, with or without tgD (1 ug/ml), in
AIM-V media (Gibco, Life Technologies, Burlington, ON,
Canada) and incubated at 37°, in an atmosphere of 5%
CO,, for 24 hr. Cells were resuspended in fresh media and
seeded onto nitrocellulose plates (Millipore, Nepean, ON,
Canada) coated with either murine IFN-y- or IL-4-specific
capture antibody (2 pg/ml) (PharMingen, San Diego, CA).
Biotinylated anti-mouse IFN-y- or IL-4-specific antibodies
(PharMingen) were added at 2 pg/ml to each well followed
by streptavidin-alkaline phosphatase (Jackson Immuno-
research Laboratories). The plates were developed using
5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazo-
lium (BCIP/NBT) substrate tablets (Sigma). Spots repre-
senting gD-specific cytokine-secreting cells were counted
and expressed as the number of cytokine-secreting cells per
1 x 10° cells. Concanavalin A (Con A)-stimulated cells were
used as a positive control.

Luciferase assay

Mice were injected intradermally with 10 ug of the lucif-
erase-encoding plasmids containing different numbers of
CpG motifs (pMASIA-luc, pBISIA24-luc, pBISIA40-luc,
and pBISIA88-luc). Forty-eight hours later, the skin injec-
tion sites (=~ 1 cm? area) were excised and homogenized in
500 ul of lysis buffer (Promega, Madison, WI), using a
Polytron homogenizer (Brinkmann Instruments, Rexdale,
ON), to produce protein extracts. Luciferase activity in the
protein extracts was determined using Promega’s luciferase
assay system. Samples were counted for 30 seconds on a
Packard Picolite Luminometer (Packard Instruments
Canada Ltd, Mississauga, ON, Canada). Tissues from
untreated animals were used to determine the background
level of light units (LUs).

Statistics

Differences in immune responses among vaccine groups
were analysed by Prism Graphpad statistical software
(GraphPad Software, Inc., San Diego, CA), using a one
way analysis of variance (ANova) followed by Tukey’s
multiple comparison test and z-test for antibody responses,
and the Kruskal-Wallis one-way ANova followed by
Dunn’s multiple comparison test for cellular responses.

RESULTS
Genotyping of TLR9-deficient mice

Prior to conducting immunization studies, it was important
to confirm that TLR9™~ mice did not express TLR9 and
that no accidental introduction of the TLR9 gene had
occurred between the generation of the mice and their
subsequent use. The expected 1-2-kbp fragment was PCR

gD-specific titres (log,
Q%

“1gG1 IgG2a IgG1
TLRO™~

igG2a
TLRoH*+

Figure 1. Glycoprotein D (gD)-specific antibody isotypes in mice
immunized with gD. Toll-like receptor 9 (TLR9) " and TLR /"
mice were immunized with gD protein (1 ug) plus CpG 1826
(10 ug). Immunizations were performed on day 1 and 4 weeks
later. Two weeks after the secondary immunization, mouse sera
were assessed for gD-specific immunoglobulin G (IgG)l and
IgG2a by enzyme-linked immunosorbent assay (ELISA). n=S.
*P < 005, Student’s r-test.

amplified (using the neomycin-specific primer and the pri-
mer specific for the TLR9 gene downstream of the targeting
construct) from the two TLR9 " breeding pairs, as well as
from all offspring, thus showing the presence of the
mutated allele. In addition, no fragment was amplified from
any of these mice using the TLR9 gene-specific primers,
confirming the absence of the wild-type allele. All TLR9 ™"~
mice were confirmed, using PCR, to be TLR9 knockout.
Indeed, the entire colony was tested and all mice were
TLRY 7. In contrast, all wild-type mice carried the TLR9
gene.

Furthermore, TLR9 has been shown to be important in
shifting the immune response to a Thl-like response, with
an increased prevalence of IgG2a.'® Figure 1 clearly dem-
onstrates that following immunization with gD protein and
CpG, both TLR9"”* and TLR9 " mice generate similar
gD-specific 1gG1 titres. However, TLR9 ™" mice gener-
ated significantly higher gD-specific IgG2a responses com-
pared with TLR9 " mice. These results confirm the absence
of functional TLRY expression in TLR9™~ mice.

TLR9™/~ mice produce antibody responses following
DNA immunization

As CpG may be detected at suboptimal levels of plasmid
administration, a dose—response experiment was performed
using 0-1, 1 and 10 ug of pgD. No significant differences
were observed in gD-specific antibody responses between
TLRY9 ™ mice and TLR9"”" mice at any of the plasmid
doses used (Fig. 2). There appeared to be a similar dose-
dependent response to pgD in both TLR9™" and
TLRY /" mice, but there were no significant differences
in titres among the doses. Furthermore, the class of
gD-specific antibody (IgGl and IgG2a) was similar in
both TLR9™ and TLR™”" mice at all vaccine doses.

© 2004 Blackwell Publishing Ltd, Immunology, 113, 114-120
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Figure 2. Glycoprotein D (gD)-specific antibody isotypes in mice immunized with pgD (plasmid vector pCAN1 expressing the
full-length glycoprotein D protein from bovine herpesvirus type 1 under the cytomegalovirus promoter). Toll-like receptor 9
(TLR9) ” and TLR ™" mice were immunized with pgD (at doses of 0-1 ug, 1 ug or 10 ug) or gD protein (1 ug) plus CpG
1826 (10 ug). Primary immunization was on day 1 and the secondary immunization was 4 weeks later. Two weeks after the
secondary immunization, mouse sera were assessed for gD-specific immunoglobulin G (IgG)1 and IgG2a titres by enzyme-
linked immunosorbent assay (ELISA). Data presented are values for individual mice and the bar represents the group mean
(n=5). P < 0001: TLR9 " and TLR™*”" mice versus control for both IgG1 and IgG2a by one-way analysis of variance
(anova) followed by Tukey’s multiple comparison test. P < 0-05: IgG2a titre. P < 0-01: IgG1/IgG2a ratio by t-test com-
paring gD protein with CpG oligonucleotide (ODN)-immunized TLR9“~ mice versus gD protein with CpG ODN-immunized
TLR9" " mice. Unvaccinated control mice remained negative (titre < 1). There were no significant differences in antibody

titres between TLR9 ™~ and TLR ™/ mice.

Unvaccinated control mice were negative for gD-specific
antibody (titre < 1), demonstrating that the responses were
antigen specific (data not shown).

Studies using TLR9” and TLR9 ™" mice immunized
with gD protein and CpG as a positive control confirmed
that TLR9” mice did not respond to CpG ODNs
(Fig. 2). TLR9™" mice immunized with gD protein and
CpG ODN had significantly lower gD-specific 1gG2a
titres, and thus a significantly higher IgG1/IgG2a ratio,
than TLR9 ™" mice. These results confirm the absence of
functional TLRY expression in TLR9™~ mice (see also
Fig. 1).

To further test whether the antibody responses were
biologically identical, antibodies were assessed for their
ability to neutralize BHV-1 (Fig. 3). As expected, no
BHV-1 neutralization activity was detected in the sera of
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naive mice. In contrast, sera from both TLR9 "~ mice and
TLRY9 /" mice had BHV-1 neutralization titres of similar
magnitude. There was no statistical difference between
antibody responses induced in TLR9” mice and
TLRO™”" mice.

TLR9™/~ mice produce cellular responses following
DNA immunization

To determine the type of immune responses induced by
DNA immunization of TLR9 " mice, gD-specific
lymphocytes were analysed for their ability to secrete [IFN-y
and IL-4. Splenocytes from both TLR9™”~ and TLR9 "/
mice, immunized with 10 ug of pgD, produced significantly
higher numbers of IFN-y- and IL-4-secreting cells when
compared with naive mice, following in vitro stimulation
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Figure 3. Bovine herpesvirus type 1 (BHV-1) neutralization titre
of sera from Toll-like receptor 9 (TLR9) ” and TLR9 """ mice
immunized with 10 ug of pgD (plasmid vector pCANI expressing
the full-length glycoprotein D protein from BHV-1 under the
cytomegalovirus promoter) on day 1 and 4 weeks later. Two weeks
after the secondary immunization, mouse sera were assayed for
BHV-1 neutralization. Data presented are values for individual
mice and the bar represents the group mean. n = 4 for TLR9 /
mice and n = 5 for TLR9"”* mice. TLR9™"~ and TLR*”™ versus
control, P < 0-05, by one-way analysis of variance (ANOvA) fol-
lowed by Tukey’s multiple comparison test.
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Figure 4. Glycoprotein D-specific cytokine-secreting cells. Toll-like
receptor 9 (TLR9) ~ and TLR™”" mice were immunized with
10 pg of pgD (plasmid vector pCANI expressing the full-length
glycoprotein D protein from bovine herpesvirus type 1 under the
cytomegalovirus promoter) on day 1 and 4 weeks later. Two weeks
after the secondary immunization, mouse splenocytes were assessed
for the frequency of interferon-y (IFN-y)- and interleukin-4 (IL-4)-
secreting cells. Error bars represent the standard deviation (SD).
n =4 for TLRO" mice and n =5 for TLR™”" mice. IFN-y-
secreting cells of TLR9 7~ and TLR™”" mice versus control,
P < 0-05. IL-4-secreting cells, TLRY™ versus control, P < 001,
using Kruskal-Wallis one-way analysis of variance (ANOvA) and
Dunn’s multiple comparison test.

with tgD (Fig. 4). Both TLR9 " and TLR9™’" mice
produced approximately twice as many gD-specific IFN-y-
secreting cells than gD-specific IL-4-secreting cells, sug-
gesting a bias towards a Thl-type response. There were no
significant differences between TLR9 ™~ and TLR9™”*
mice in either the magnitude or type of cellular immune

response elicited at each of the different doses of plasmid
used for immunization (data not shown).

Effect of TLRY on gene expression

As there were no detectable differences in immune
responses between TLR9 ™~ and TLR9 ™" mice following
immunization with a gD-expressing plasmid, we further
investigated whether the absence of TLR9 had an impact
on the level of plasmid gene expression in vivo. Plasmids
containing different numbers of CpG motifs were con-
structed and the luciferase gene was cloned in these
plasmids. These plasmids were tested for expression in vitro
by transfection of COS7 cells. All plasmids, regardless of
the number of CpG motifs, expressed similar levels of lu-
ciferase following transfection in vitro (data not shown). It
is possible that CpG motifs in plasmids are able to influence
gene expression in vivo by stimulating TLRY, leading to
changes in gene expression, and that this is influenced by
the number of CpG motifs present in the plasmid. To test
this, plasmids were injected intradermally into mice to
determine whether CpG motifs influenced the level of gene
expression in vivo. Figure 5 demonstrates that the level of
luciferase expression in TLR9 "~ and TLR™”* mice was
similar and that there was no significant difference in
expression between plasmids with different numbers of
CpG motifs. Thus, our results indicate that TLRY is not
critical for either efficiency of transfection or for the
induction of immunity by DNA vaccines.

DISCUSSION

The mechanisms whereby DNA vaccines induce immune
responses are not completely understood. Previously, it was
hypothesized that CpG motifs contribute significantly to
the induction of immune responses to DNA vaccines.'®!?
This was a reasonable hypothesis because CpG-containing
ODN s are potent adjuvants that elicit Thl-type responses
to protein antigens in various species.?> 2’

As DNA vaccines induce immune responses without a
conventional adjuvant, it is possible that CpG motifs in
plasmids might act as pattern-recognition molecules and
thereby function as adjuvants for DNA vaccines. With the
discovery that TLRY is the pattern-recognition receptor for
CpG'® and the recent development of TLR9 knockout
mice, which fail to respond to CpG (as measured by pro-
liferation of splenocytes, production of pro-inflammatory
cytokines, and the ability of CpG-containing ODNSs to act
as a Thl adjuvant in vivo)," it was possible to directly test
this theory. The intradermal route was chosen because it
elicits Th1 responses to DNA vaccines, allowing the effects
of TLRY to be determined on the induction of immunity.
The immune assays in the present investigation support the
conclusion that TLRY does not contribute significantly to
the induction of humoral and cellular immune responses
to DNA vaccines. As gD-specific T-cell responses were
essentially identical between TLR9 ™~ and TLR9 """ mice,
it is not surprising that gD-specific antibody responses were
also essentially identical between TLR9 "~ and TLR9 /"

© 2004 Blackwell Publishing Ltd, Immunology, 113, 114-120
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Figure 5. Luciferase gene expression in skin following the admin-
istration of plasmids encoding luciferase in Toll-like receptor 9
(TLRY) " and TLR"”" mice. Plasmids encoding luciferase and
containing different numbers of CpG motifs were administered
intradermally and, 2 days later, skin samples were assessed for
expression of the luciferase gene. Data represent luciferase
expression for injection sites of individual mice and the bar rep-
resents the median. All plasmids induced significant gene expres-
sion versus naive tissue (P < 0-05), as determined using one-way
analysis of variance (ANovA) followed by Tukey’s multiple com-
parison test. There were no significant differences among the dif-
ferent plasmids or between TLR9 ™~ and TLR*”" mice. LUs, light
units.

mice. Our data build on the recent observation that DNA
immunization elicits equivalent cytotoxic CD8 " responses
in TLR9™~ and TLR9 "/ mice.'®

Currently, there are 10 TLRs known to recognize var-
ious microbial components, leading to the stimulation of
innate immunity, with TLR9 being identified as the recep-
tor that can recognize bacterial CpG motifs.!® Other
unidentified TLRs that recognize DNA are probably not
involved in bypassing the need for TLRY, as it was recently
shown that plasmids can activate dendritic cells exclusively
via TLR9.?® Alternatively, other non-TLRs, such as scav-
enger receptors, may also play a role in DNA uptake and
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recognition, and may influence the immunogenicity of
DNA vaccines. This would not be a surprise in view of the
redundancy of the immune system, with numerous recep-
tors and cytokines being able to compensate for a loss or
reduction in the expression of certain receptors in vivo. Our
present results support the conclusion that induction of an
immune response by DNA vaccines is not significantly
influenced by the recognition of CpG motifs by TLR9, and
additional CpG motifs in the plasmid did not alter gene
expression following plasmid DNA administration. There-
fore, the mechanism by which increasing the number of
CpG motifs in plasmids enhanced immune responses elici-
ted by DNA vaccines'*!> must be reconsidered.

It is possible that DNA vaccines might work through
mechanisms other than the TLR9 receptor. These mecha-
nisms could involve other danger signals, resulting from cell
transfection and altered gene regulation in the cell. This
possibility has not been investigated in much detail to date,
but may be an important mechanism regarding how DNA
vaccines elicit immune responses without a conventional
adjuvant. The availability of various gene knockout mice,
and a better definition of the plasmid backbone, should
provide a better understanding of how DNA vaccines work
in vivo.
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