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ABSTRACT: Lymph node follicles capture and retain antigens to
induce germinal centers and long-lived humoral immunity. However,
control over antigen retention has been limited. Here we discovered
that antigen conjugated to nanoparticle carriers of different sizes impacts
the intralymph node transport and specific cell interaction. We found
that follicular dendritic cell (FDC) networks determine the intralymph
node follicle fate of these nanoparticles by clearing smaller ones (5—15
nm) within 48 h and retaining larger ones (50—100 nm) for over S
weeks. The 50—100 nm-sized nanoparticles had 175-fold more delivery
of antigen at the FDC dendrites, 5-fold enhanced humoral immune
responses of germinal center B cell formation, and S-fold more antigen-
specific antibody production over 5—15 nm nanoparticles. Our results
show that we can tune humoral immunity by simply manipulating the
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carrier size design to produce effectiveness of vaccines.
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flicient vaccination requires long-lived germinal center
reactions to drive antibody-mediated humoral immun-
ity.'~* Antigens must be retained and presented to B cells in
lymph node follicles to generate an effective humoral immune
response.s_8 A proposed strategy is to use engineered
nanoparticles to deliver antigens into follicles.””~"* Tuning
the size of the nanoparticle alters its transport to the lymph
node follicle.”"*' Interestingly, S nm nanoparticles such as
toll-like receptor agonists flow directly to lymph node follicles,
whereas 100 nm nanoparticles such as viruses require cell-
mediated transport into follicles.""'™>* Although it is
generally known that lymph node physiology mediates
nanoparticle transport to follicles in a size-dependent matter,
it is unclear how different sizes of nanoparticles interact with
cells inside follicles to influence: (1) follicular retention, (2)
antigen presentation, (3) germinal center formation, and (4)
antigen-specific antibody production. A better understanding
of the interaction of nanoparticle design with the lymph node
system can guide the rational/optimal engineering of nano-
particles to drive germinal center reactions that generate
antibody-mediated humoral immunity for efficient vaccination.
We first studied the relationship between nanoparticle size
and follicle retention in the lymph node. We synthesized a
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model nanoparticle vaccine composed of different sizes of
spherical gold nanoparticles (AuNPs) conjugated to ovalbumin
(OVA) antigen. The full characterization of the nanoparticle
physicochemical properties is described in Figure S1 and Table
S1. We chose AuNPs because of the following: (1) they can be
easily synthesized with broad and precise sizes in the 2 to 100
nm size range; (2) they are nondegradable, which allows long-
term tracking at the organ and cellular levels; and (3) they can
be coated with multiple molecules, which enables them to be
used as an adjuvant and delivery vehicle for antigen peptides or
proteins.”> ™’
port from the injection site to sentinel lymph nodes through
the lymphatics'**°~** (Figure 1A). We expect that the size of
the nanoparticles mediates their kinetics, binding, and other
interactions with cells and biological structures in the lymph
nodes. Once nanoparticles enter the afferent lymphatic vessel
of a lymph node, they need to pass a two-layer filter
system,””>* subcapsular sinus macrophages and lymphatic

These sub-100 nm nanoparticles should trans-
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Figure 1. Lymph node follicles clear smaller nanoparticles and retain larger ones. (A) Schematic of lymph node distribution. OVA-AuNPs were
injected into CS7BL/6 mice through intradermal footpad administration. Axillary (Ax), brachial (Br), and popliteal (Pop) lymph nodes are defined
as sentinel lymph nodes. (B) Schematics of a lymph node that are made of subcapsular sinus, follicle, paracortex, and medullary cord areas. Lymph
nodes are considered as a two-layer size-selective filter system that is composed of subcapsular sinus macrophages and lymphatic sinus endothelial
cells before entering B cell follicles. (C) Histological images of different OVA-AuNP sizes cleared or retained in lymph node follicles after 2 h to 8
weeks post intradermal footpad injection into CS7BL/6 mice (n = 4 mice/group). Lymph node follicles of sentinel lymph nodes were collected.
Data collected from 10 lymph node follicles (n = 4). The injection dose was normalized on the basis of the same OVA antigen amount (10 ug) for
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Figure 1. continued

each size. (D) Schematic of the size-dependent OVA-AuNP transport kinetics. The S—15 nm OVA-AuNPs appeared in the follicles within 2 h but
are cleared in the next 48 h. The 50—100 nm OVA-AuNPs accumulated at the subcapsular sinus at 2 h. They had delayed follicle accumulation and
were retained for over S weeks. (E) Quantification of different sizes of OVA-AuNP accumulation in follicles at 48 h postinjection. Data collected
from 10 lymph node follicles (n = 4). Graphs represent mean + SD; **##P < 0.0001. All P values are from one-way ANOVA followed by Tukey’s

multiple comparisons test.

sinus endothelial cells, before entering the lymph node follicles
and interacting with B cells (Figure 1B). We administered our
model OVA-AuNP vaccine through intradermal footpad
injections into CS7BL/6 mice (Figure 1A). The injection
dose was normalized on the basis of the same total amount of
OVA (10 pug) for each size (Figure S1 and S2). The
normalizing of dosing in our study enables us to test the
impact of nanoparticle size on their lymph node interaction.
We sacrificed the mice after different injection times (from 2 h
to 8 weeks) and collected the axillary, brachial, and popliteal as
sentinel lymph nodes for histological analysis (Figure 1B). We
stained the sample with silver to enhance the AuNP signal on
the tissue. We observed a clear difference between different
nanoparticle sizes and their intralymph node transport and
retention in follicles (Figure 1C, S3). The smaller OVA-AuNPs
(5—15 nm) appeared in the follicles within 2 h but were
cleared in the next 48 h. The larger OVA-AuNPs (50—100
nm) accumulated in subcapsular sinus at 2 h. They required a
longer time to accumulate in follicles and were retained for
over 5 weeks (Figure 1D). The 50—100 nm OVA-AuNPs
showed greater retention than the 5—15 nm ones after 48 h of
injection. Notably, S0 nm OVA-AuNPs show 19-fold and 4-
fold greater amounts of nanoparticles accumulated in lymph
node follicles than S and 15 nm OVA-AuNPs at 48 h (Figure
1E). These results confirmed a clear relationship between
nanoparticle size and lymph node follicle retention.

We determined the lymph node cells involved with the
retention of nanoparticles. We know from previous studies that
follicular dendritic cells (FDCs) are resident stromal cells that
form networks located in the follicle centers and are the only
known cell type that acquire and retain naive antigens for
months.”> ™" FDC networks reserve these naive antigens and
present them to B cells for B cell activation and generation of
germinal center reactions. 581440=42 Therefore, FDCs were a
logical candidate to mediate both the sequestration and
retention of OVA-AuNPs inside lymph node follicles. The
mice were sacrificed at the peak OVA-AuNP accumulation
times in lymph node follicles (2 h for S and 15 nm OVA-
AuNPs, and 48 h for S0 and 100 nm OVA-AuNPs). To
preserve the antigens on the cell membrane, isolated fresh
lymph nodes were directly placed into frozen solution in a
plastic cryomold and frozen with liquid nitrogen. Tissue
sections (8 pm) were cut and placed on charged slides. Tissue
sections were stained using silver enhancement kits to enhance
gold nanoparticle signal and antibody immunostaining for
FDCs and other cell types. We found the AuNP signal (silver
staining) colocalized with the networks of CD21* FDCs in the
5—1S5 nm (Figure 2A and Figure S4A) and the S0—100 nm
OVA-AuNP (Figure 2B and Figure S4B) tissue samples.
CD21* FDCs are highlighted by the green color staining in
Figure 2A,B and Figure S4. To verify the histology stain for
FDCs, we co-stained this cell type using another FDC-M1
antibody (Figure 2C). FDC-M1 (red color) and CD21 (green
color) stains are colocalized on FDCs. We also show that T
cells (CD3"), tingible body macrophages (CD68*), and
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Figure 2. FDC networks are involved in nanoparticle sequestration in
lymph node follicles. Histology of (A) S nm and (B) SO nm OVA-
AuNP sequestration in lymph node follicles associated with FDC
networks at 2 and 48 h post intradermal footpad injection. Gold
nanoparticle signals colocalized in the area of FDC networks (CD21
green; CD169 red; Silver black). (C) Validation of antibody staining
for FDCs in lymph node follicles. FDC-M1 (red) and CD21 (green)
stains colocalized on FDCs. (D) OVA-AuNP signals are not
colocalized with T cells (CD3) (brown), tingible body macrophages
(CD68) (brown), and dendritic cells (CD11c) (brown), indicating
that they are not majorly involved in sequestration of OVA-AuNPs in
lymph node follicles.

dendritic cells (CD11c") are not the major cell types involved
in sequestration of the OVA-AuNPs (Figure 2D). This is
because these stained immune cells (brown colors) were not
corresponding to the area of OVA-AuNP signals (silver
staining). We confirmed this conclusion using 3D images of
lymph nodes after CLARITY processing.””** The results show
that FDCs formed network clusters (green color) and OVA-
AuNPs (red color) were colocalized in these FDC networks
(Figure SS). Our results confirmed the role of FDCs in
mediating the retention of nanoparticles inside of the lymph
node follicle.

We further analyzed whether the nanoparticles are inside the
FDCs or on their dendrites. The mice were sacrificed after the
peak OVA-AuNP accumulation times in lymph node follicles.
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Figure 3. FDCs internalize smaller nanoparticles and align larger nanoparticles on their surfaces and dendrites. (A,B) Representative TEM images
of nanoparticle location associated with FDCs in a size-dependent manner. TEM study was performed at different times of postintradermal footpad
injection (the S—15 OVA-AuNPs at 2 h; the 50—100 nm OVA-AuNPs at 48 h). (A) The 5 nm OVA-AuNPs are preferentially internalized by
FDCs (red arrows point to endolysosomes), and (B) the S0—100 nm OVA-AuNPs are preferred to be aligned on FDC surfaces and dendrites (red
arrows point to FDC dendrites). (C) Quantification of nanoparticle location either inside the FDC or on FDC dendrites. TEM images and
schematics of S nm OVA-AuNPs internalized by FDCs while 50—100 nm OVA-AuNPs retained on FDC surface or dendrites. The 15 nm OVA-
AuNPs can be both inside the FDC or on FDC surface. Data collected from 3 sentinel lymph nodes for each nanoparticle size (n = 3—4 mice/

group).

7229 DOI: 10.1021/acs.nanolett.9b02834
Nano Lett. 2019, 19, 7226~7235


http://dx.doi.org/10.1021/acs.nanolett.9b02834

Nano Letters

The sentinel lymph nodes were collected and directly fixed
with 4% formaldehyde and 0.5% glutaraldehyde in PBS. The
fixed samples were mounted and sectioned, then placed on
copper grids. The sample sections were subjected to negative
staining with 2% uranyl acetate. The morphology of FDCs and
nanoparticle localization of lymph node sections were imaged
using transmission electron microscopy (TEM) at 200 kV.
TEM analysis showed that the residence of OVA-AuNPs inside
or out of the FDCs is size-dependent (Figure 3A,B). The S nm
OVA-AuNPs are internalized in the endolysosome-like
structures of FDCs, while the 50—100 OVA-AuNPs are
aligned on the FDC surfaces or dendrites (Figure 3C). The 15
nm OVA-AuNPs can reside inside the FDC or on the FDC
surface. While the 5 nm OVA-AuNPs were trapped in
endolysosome-like structures (Figure 3A), interestingly, we
observed instances where the endolysosomal membrane were
disrupted and 5 nm OVA-AuNPs were found in the cytoplasm
(Figure 4A). This is shown by the green arrow. We also found
extracellular vesicles containing S nm OVA-AuNPs (red
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Figure 4. FDCs clear smaller nanoparticles by endolysosomal escape
and extracellular vesicles and retain larger ones on their dendrites. (A)
TEM images and schematics of 5 nm OVA-AuNPs cleared through
endolysosomal escape or exosomes. (B) TEM images and schematics
of 100 nm OVA-AuNPs retained on FDC dendrites over a few weeks.
Data collected from 3 sentinel lymph nodes for each nanoparticle size
(n = 3—4 mice/group).
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circles) attached to the FDC surface (Figure 4A). These
results suggest that 5 nm OVA-AuNPs can be cleared by FDCs
through endolysosomal escape or extracellular vesicles within
48 h. These cleared S nm OVA-AuNPs by FDCs were further
eliminated from lymph node follicles (Figure 1C). In contrast,
the 50—100 nm OVA-AuNPs remained on the surface of the
FDCs, with most of them residing on the dendrites (Figure
4B). They were retained on the dendrites for a few weeks. We
conclude that the size of the nanoparticles determines when
they are taken up by the FDCs or reside on the cell surface and
dendrites.

Next, we tested how nanoparticle size mediates antigen
presentation on the FDC dendrites. We administered different
sizes of OVA-AuNPs through intradermal footpad injections
into CS7BL/6 mice and sacrificed the mice at 48 h. The
sentinel lymph nodes were isolated and fixed. We sectioned the
lymph node tissues and placed them on copper grids for TEM
study. TEM revealed that B cells were surrounded by FDC
dendrites containing the OVA-AuNPs (Figure SA,B). The
FDC dendrites deposited with OVA-AuNPs grip B cells that
facilitates the interaction of conjugated-antigen and B cell
receptors. There were significantly more 50 and 100 nm OVA-
AuNPs on FDC dendrites than 5 nm OVA-AuNPs at 48 h
(Figure SC—E). In addition, 100 nm AuNPs can conjugate
317-fold and 100-fold more OVA than the 5 and 15 nm
AuNPs, respectively (Figure S2). This leads to 175-fold more
OVA bound to the FDC dendrites by the 100 nm AuNPs in
comparison to the 15 nm AuNPs (Figure SF). This result
suggests S0—100 nm OVA-AuNPs can present more antigen
on FDC dendrites to B cells.

This allowed us to test if the 50—100 nm OVA-AuNPs
would induce more humoral immune responses over the
smaller 5—15 nm OVA-AuNPs. We immunized the mice using
different sizes of OVA-AuNP vaccine and sacrificed the mice at
5 weeks. The isolated lymph nodes were frozen in a plastic
cryomold. The lymph node tissue sections were cut and
stained with anti-OVA antibody for OVA and other antibodies
for immunostaining. Our result shows that 100 nm AuNPs
were still colocalized with OVA in the follicles, confirming that
the OVA remained conjugated to the AuNPs after 5 weeks of
injection (Figure 6A). We first observed germinal center
generation as a measurement of humoral immune response.
We performed histological analysis for germinal centers using
an anti-GL7 stain. We observed that 100 nm OVA-AuNPs can
induce germinal centers (red color) that attach FDC networks
(green color), and 100 nm OVA-AuNPs are still colocalized
with FDC networks after S weeks of immunization (Figure
6B). We performed histology for all sizes. The 50 and 100 nm
OVA-AuNPs could induce germinal centers (red color),
whereas the 5 nm OVA-AuNPs failed to generate robust
germinal center reactions (Figure 6C,D). We further quantified
the total number of GL7'B220" germinal center B cells by
disaggregation of the lymph node into single cells for flow
cytometry (Figure 6E,F and Figure S6). We found that the 100
nm OVA-AuNPs generated 5-fold more germinal center B cells
than S nm OVA-AuNPs (Figure 6F). These findings confirm
that the retained 50 and 100 nm OVA-AuNPs on FDC
dendrites can induce greater stimulation of germinal center
reactions and proliferation of germinal center B cells. Next, we
quantified the amount of OVA-specific antibody in the sera
using enzyme-linked immunosorbent assay (ELISA) to
determine if the 100 nm OVA-AuNPs elicited greater
antigen-specific antibody production. We determined that S-
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Figure S. 50—100 nm sized nanoparticles have greater deposition on FDC dendrites leading to more conjugated antigens presentation on FDC to
stimulate B cells. (A) Representative TEM images of FDC dendrites surrounding B cells containing OVA-AuNPs (red arrows point to FDC
dendrites). (B) Schematics of (A) showing OVA-AuNPs are deposited on FDC surfaces and dendrites. FDC dendrites surrounding B cells with
OVA-AuNPs that facilitates the interaction of conjugated-antigen and B cell receptors. (C,D) TEM images of different sizes of OVA-AuNPs
depositing and presenting conjugated-antigen on FDC dendrites at 48 h post intradermal footpad injection. Red arrows point to the FDC
dendrites. Quantifying (E) numbers of OVA-AuNPs and (F) numbers of conjugated OVA on FDC dendrites at 48 h. Data collected from 3
sentinel lymph nodes for each nanoparticle size (n = 3—4 mice/group). Data shown as mean + SD; **##P < 0.0001. All P values are from one-way

ANOVA followed by Tukey’s multiple comparisons tests.

fold more OVA-specific antibody was produced in response to
100 nm OVA-AuNPs than the S nm OVA-AuNPs (Figure
6G). We conclude that the conjugation of OVA to S0—100 nm
nanoparticles can induce greater humoral immune responses
than 5—15 nm nanoparticles because more conjugated
antigens are bound and presented on FDC dendrites to
stimulate B cells.

While OVA is involved in generating an antigen-specific
immune response, we were curious to know why the
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nanoparticles are bound to receptors on the FDCs. Our
recent study showed that nanoparticles opsonize serum
proteins when they are administered into the animal.”
Previously, we used mass spectrometry to identify the
adsorbed proteins. Thus, we have a list of candidates that
can be tested to identify the specific proteins that may be
responsible for the receptor—ligand interaction. We hypothe-
size that complement C3 was opsonized on the nanoparticle
surface and this ligand is responsible for its interaction with the
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Figure 6. S0—100 nm sized nanoparticle vaccines induce greater humoral immune responses. (A) Colocalization of 100 nm AuNPs with OVA
antigen in follicles after 5 weeks of injection. Anti-OVA stain colocalized with AuNP signal generated by dark field microscopy, indicating that the
OVA remained conjugated to the AuNPs. (B) Colocalization of 100 nm OVA-AuNPs with FDCs in germinal centers after S weeks of
immunization. FDC colocalized with AuNP signal generated by dark field microscopy. Assessment of (C and D) germinal center formation (GL7
red; CD21 green; B220 blue), (E) percentage of germinal center B cells (GL7*B220"), (F) numbers of germinal center B cells (GL7"B220"), and
(G) antigen-specific antibody production in sera after intradermal footpad injection with different sizes of OVA-AuNP vaccine at S weeks (n = 4—8
mice/group). The injection dose is normalized on the basis of the same amount of OVA antigen (10 ug) for each nanoparticle size. Data shown as
mean + SD; **P < 0.01; ***P < 0.001; ****P < 0.0001. All P values are from one-way ANOVA followed by Tukey’s multiple comparisons tests.

FDC through complement receptor 2 (CR2) (Figure S7). This
hypothesis is built on previous findings that virus and bacteria
require opsonization by complement C3.%'**%***7 e
performed experiments with C3 and CR2knockout mice, and
we used CDI19 knockout mice as a negative control. It has
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been shown previously that inhibition of CD19 receptors
disables B cell stimulation and germinal center formation.***’
Here, we expected that even though OVA-AuNPs were
retained and presented on FDC dendrites, OVA-AuNPs
should not induce humoral immune responses in CDI9
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Figure 7. 50—100 nm sized nanoparticle vaccines induce high amounts of complement opsonization resulting in enhanced nanoparticle retention,
antigen presentation on FDC dendrites, and germinal center reactions. (A—F) Study of nanoparticle retention, antigen presentation and germinal
center reactions in wild type and C3, CR2 and CD19 receptor knockout mice after intradermal footpad injection with S0 nm OVA-AuNP vaccines.
(A and D) Histology of OVA-AuNP sequestration in lymph node follicles at 48 h (n = 4 mice/group in CS7BL/6 background). (B and E)
Representative TEM images of AuNP conjugated antigen presentation on FDC dendrites at 48 h. Data collected from 3 sentinel lymph nodes for
each condition (n = 3—4 mice/group). Assessment of (C) germinal center formation (B220 blue; CD21 green; GL7 red) and (F) numbers of
germinal center B cells (GL7"B220") after intradermal footpad injection with SO nm OVA-AuNP vaccine at S weeks (n = 4—8 mice/group). (G)
Quantification of the complement C3 adsorbed on OVA-AuNP surfaces using ELISA (AU stands for arbitrary units, n = S). Graphs represent mean
+ SD; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All P values are from one-way ANOVA followed by Tukey’s multiple comparisons

tests or an unpaired ¢ test.

knockout mice. We injected the C3, CR2, and CD19 receptor
knockout mice with 50 nm OVA-AuNP vaccines and sacrificed
the mice after 48 h and S weeks, respectively (Figure 7A—F).
We determined a loss of complement (either C3 or CR2)
prevented OVA-AuNP retention in follicles (Figure 7A,D) and
OVA-AuNP presentation on FDC dendrites (Figure 7B,E) at
48 h. We determine that a loss of C3 protein failed to induce
germinal centers at 5 weeks (Figure 7C). Both complement
knockout mice (C3 protein and CR2) produced significantly
lower numbers of germinal center B cells than wild types and
showed no significant difference compared with CDI19
knockout mice at S weeks (Figure 7F). These results show
that the C3—CR2 ligand—receptor pair assists the retention
and presentation of OVA-AuNPs on the FDCs, leading to
germinal center reactions. We then tested for OVA-specific
antibody production using ELISA. Surprisingly, we found loss
of complements did not limit OVA-specific antibody
production (Figure S8). The mechanism is unknown and
will be explored later. To test if nanoparticle opsonization by
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C3 is based on nanoparticle size, we designed a modified
ELISA experiment where different sizes of OVA-AuNPs were
precoated onto plates and incubated with wild-type mice sera.
Our results show that 50 nm OVA-AuNPs have greater C3
deposition than S nm ones in vitro (Figure S9). To verify that
OVA-AuNPs follow the same principle in vivo, we performed
the same ELISA experiment on S and 50 nm OVA-AuNPs
isolated from lymph nodes in vivo at 1 and 6 h postinjection.
Similarly, we found more C3 adsorbed onto 50 nm OVA-
AuNPs than 5 nm ones (Figure 7G). These results suggest that
larger OVA-AuNPs are opsonized by complements more than
smaller ones, leading to enhanced nanoparticle retention,
antigen presentation on FDC dendrites, and more robust
germinal center reactions.

In this study, we discovered that the physiology of the lymph
node determines the kinetics and cellular interaction of the
nanoparticles. Sub-100 nm nanoparticles can transport through
the lymph node. However, the intralymph node fate is

determined by the size. The 5—15 nm nanoparticles can
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enter the FDCs, while the 50—100 nm remained on the
surface. The binding of the nanoparticles to the dendrites were
greater with the 50—100 nm due to the greater adsorption of
complement C3. Our study reveals the mechanism of how
lymph node follicles process different nanoparticle sizes. This
provides us with fundamental knowledge on how biological
selection of antigens occurs and functions. Our report provides
results for gold nanoparticles with OVA only. The role of
organic or inorganic synthetic nanoparticles with other
antigens on how to shape the acquired immune responses
should be fully assessed in the future. The results of these
findings will guide the rational design of antigen-conjugated
synthetic nanoparticles in mediating FDC interaction for more
effective vaccine development.
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