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Efficient delivery of tumor-specific antigens (TSAs) to lymph nodes (LNs) is essential to eliciting robust
immune response for cancer immunotherapy but still remains unsolved. Herein, we evaluated the direct
LN-targeting performance of four different protein nanoparticles with different size, shape, and origin

. [Escherichia coliDNA binding protein (DPS), Thermoplasma acidophilum proteasome (PTS), hepatitis B

- virus capsid (HBVC), and human ferritin heavy chain (hFTN)] in live mice, using an optical fluorescence

. imaging system. Based on the imaging results, hFTN that shows rapid LN targeting and prolonged

. retention in LNs was chosen as a carrier of the model TSA [red fluorescence protein (RFP)], and the

- flexible surface architecture of hFTN was engineered to densely present RFPs on the hFTN surface

. through genetic modification of subunit protein of hFTN. The RFP-modified hFTN rapidly targeted LNs,

. sufficiently exposed RFPs to LN immune cells during prolonged period of retention in LNs, induced

. strong RFP-specific cytotoxic CD8" T cell response, and notably inhibited RFP-expressing melanoma

. tumor growth in live mice. This suggests that the strategy using protein nanoparticles as both TSA-

© carrying scaffold and anti-cancer vaccine holds promise for clinically effective immunotherapy of cancer.

Immunotherapy is an emerging and promising new approach to treatment of cancer. Cancer vaccine, a type
of cancer immunotherapeutic agent aims to activate or enhance body’s adaptive immune system to effectively
recognize and kill tumor cells. Tumors express a variety of specific antigens, and the tumor-associated antigens
: comprise an indispensable part of cancer vaccine that induces robust and tumor-specific immune response
. to fight the cancer!=. Upon encountering tumor-associated antigens, dendritic cells (DCs) are activated into
. antigen-presenting cells (APCs) that allow for the cross-presentation of antigens to T cells. This induces the
© production of tumor antigen-specific cytotoxic CD8" T cells, which have the ability to kill tumor cells*. In this
: regard, LNs can be a strategic target for antigen delivery, because LNs contain a high population of resident DCs,
. plasmacytoid DCs, and macrophages”® that can be converted to APCs. Free tumor antigens, including proteins
: and peptides from tumor cells, are quickly cleared before they reach LNs® and mostly ignored by the immune
system'?. Therefore, the development of antigen carrier systems capable of targeting LNs and eliciting a strong
immune response is vital for efficient cancer immunotherapy.
According to the previous results”1*-18, antigen delivery through lymphatic system to LNs was enhanced when
antigens were carried by synthetic nanoparticles (NPs), and the immunogenic activity of NP-associated anti-
gens was improved compared to free individual antigens because NPs can deliver many antigens owing to their
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Figure 1. Schematic illustration of LN targeting-based cancer immunotherapy using protein nanoparticles
as platform of tumor-specific antigen carrier. (a) Through the evaluation of LN-targeting ability of four
candidate protein nanoparticles, human ferritin heavy chain (hFIN), T. acidophilum proteasome (PTS),
hepatitis B virus capsid (HBVC), and E. coli DNA binding protein (DPS), hFTN was selected as LN-targeting
carrier of tumor-specific antigen (RFP) for cancer immunotherapy. (b) Vaccination using hFTN-RFP through
direct LN targeting, followed by immunotherapy of RFP-expressing tumor by RFP-specific CD8" T cells.

enhanced surface to volume ratio'® and are easily taken up by DCs. The antigen delivery to LNs by synthetic NPs
is highly dependent on NP size: large NPs (>100 nm) remain almost confined to the injection area, whereas small
molecules (<20kDa) or small NPs (<10 nm) rapidly and freely enter systemic circulation via bloodstream, and
the NPs in size of 10-80 nm can migrate to LNs through lymphatic system and are considered optimal for LN
targeting. However, despite the appreciable advantages of synthetic NPs as cancer nanomedicines, only a few such
NPs have shown promising therapeutic outcomes and advanced to clinical trial stages?®-*2. One of main factors
likely to hamper the clinical feasibility of synthetic NPs is intrinsic cytotoxicity and nanotoxicity associated with
in vivo accumulation of non-degradable synthetic NPs?*-?’. Accordingly only a few biomaterial-based particles
(e.g. albumin-derived Abraxane®) have been clinically approved®.

It is worth noting that protein-based nano-scale particles (named “protein nanoparticles” here) that are
self-assembled inside cells to form 3D nanostructures and afford well-oriented architecture with constant shape,
size, and surface topology®®-* can be engineered to expose specific proteins or peptides on their surface through
genetic modification of internal region or N- or C-terminus of protein subunit?»?¢?#-33, This suggests that pro-
tein nanoparticles can be excellent molecular scaffolds to carry tumor-associated antigens. Also, surface-exposed
amines, thiols, and carboxylates on protein nanoparticles are effective for conjugating various imaging agents
including fluorescent dyes and isotopes. In addition, protein nanoparticles are spontaneously disassembled in
living organisms and then degraded or removed through renal excretion within several days, showing excellent
biocompatibility*.

As illustrated in Fig. 1, we evaluated the efficacy of four candidate protein nanoparticles with different origin,
size, and shape in targeting LNs: 1) Escherichia coli DNA binding protein (DPS), 2) Thermoplasma acidophilum
proteasome (PTS), 3) hepatitis B virus capsid (HBVC), and 4) human ferritin heavy chain particle (hFTN), found
that hFTN was preferentially delivered to and sufficiently accumulated in LNs, and selected hFTN as a carrier of
the model tumor antigen, RFP. After efficiently delivered to LNs, the genetically modified hFTN (hFTN-RFP) that
densely presents RFP on the hFTN surface induced RFP-specific immunogenic activity against RFP-expressing
B16F10 melanoma tumor cells and successfully inhibited the tumor growth in live mice.

Results
Biosynthesis of candidate protein nanoparticles with different origin, size, and shape. When
expressed using plasmid expression vectors in E. coli, the protein subunits of DPS, PTS, HBVC and hFTN were
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Figure 2. Biosynthesis of protein nanoparticles. (a) 3D shape of 4 protein nanoparticles (DPS, PTS,

HBVC, and hFTN) tested in LN targeting and plasmid expression vectors used for the biosynthesis of protein
nanoparticles in E. coli. (In case of PTS, E. coli was transformed with two expression vectors to simultaneously
express two different protein subunits, PTS-o and PTS-3). (b) TEM images of purified protein nanoparticles.

DPS 237.12 9.5+1.2 —5.631+0.33
PTS 695.66 13.4+2.1 —2.13+0.27
HBVC 4147.20 323£1.9 —7.5040.43
hFTN 525.84 11.7440.8 —5.6910.44

Table 1. Molecular weight, diameter and zeta potential of 4 different protein NPs (DPS, PTS, HBVC, and
hFTN). *Average molecular weight from EXPASY. "Mean diameter measrued by dynamic light sattering (DLS).
Zeta potential measured by DLS.

synthesized and subsequently self-assembled to form 4 different protein particles with different shape, size, and
surface property in the cytoplasm of E. coli (Fig. 2, Table 1). Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) of the purified DPS, HBVC, and hFTN revealed a single protein band corresponding to the
respective protein subunit, and the two protein bands for PTS correspond to the two different subunits, PTS-a
and PTS-B (Supplementary Fig. 2). All the protein nanoparticles have native-like particle shape and size with
narrow size distribution, as confirmed by transmission electron microscopy (TEM) (Fig. 2b) and dynamic light
scattering (DLS) analyses (Table 1). The diameters of spherical DPS, hFTN, and HBVC were 9.5+1.2,11.7 £ 0.8,
and 32.3 + 1.9 nm, respectively. The cylindrical PTS (native size: 11 x 15 nm with a stacked four-ring structure)
was 13.4 £ 2.1 nm. The size of all the protein nanoparticles (ranging from 9.5 to 32.3 nm) fulfills the prerequisites
for in vivo LN targeting (10 to 80 nm)'®!>13-15. Moreover, all the protein nanoparticles presented a slightly nega-
tive Zeta potential charge (Table 1), indicating that the surface charge effect on targeting immune cells in LN is all
equal for the four different protein nanoparticles here.

Selection of optimum protein nanoparticle in directly targeting LNs of mice. In order to estimate
the in vivo LN-targeting efficiency of four different protein nanoparticles in live animal, protein nanoparticles
were labeled by a NIRF dye (Cy5.5, 0.1 wt%) in PBS and properly diluted to make all the protein nanoparticle
solutions have the same NIRF intensity (Supplementary Fig. 2), followed by injection (100 pl) into the left foot-
pad of healthy mice. No signal was detected in the LNs in the case of PBS injection (Fig. 3a). Within 1 min post
injection, NIRF signals of LNs were clearly detected and increased for 30 min in the injection of protein nano-
particles, and in particular, the LN NIRF signal in hFTN-treated mice was obviously the highest among the four
protein nanoparticles (Fig. 3a, Supplementary Fig. 3). Also the real-time lymphatic vessel dynamics indicates
the fast migration of hFTN to the target LNs (Fig. 3b,c). The long-term analysis of NIRF images of LNs shows
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Figure 3. Direct LN targeting of protein nanoparticles that are Cy5.5-labeled and subcutaneously injected
through the footpad of C57BL/6 mice. (a) In vivo near-infrared (NIR) fluorescence images acquired with a
Kodak image station at pre-determined time points. (b) Real-time intravascular dynamics of hFTN, observed
in a skin flap of live mice. [The white arrows indicate rapid migration of hFTN to LN (inside green dotted
lines) through lymphatic vessels. LN signal differentiates it from the auto-fluorescence of fatty tissues (inside
white dotted lilnes) around the LN.] (¢) LN images of mice (b) with removed skin under bright-field light and
under NIR light excitation. (d,e) Long-term NIR fluorescence images and intensity, 2-times measured by IVIS
spectrum imaging system at pre-determined time points for 6 days.

that the hFTN produced always 2 to 6-fold stronger LN fluorescence signal up to 6 days after injection than the
other protein nanoparticles and a clearly visible LN signal even at 6 day, indicating the significantly prolonged
retention of hFTN in LNs (Fig. 3d,e). From the real-time lymphatic vessel dynamics of hFTN, observed in skin
flaps of live mice using the Olympus OV100 imaging system (Fig. 3b), hFTN rapidly migrated to the LNs through
lymphatic vessels (indicated by white arrows) within just 1-4 sec post injection and generated strong NIRF sig-
nal in the LNs (green dotted circles) within 10 sec, differentiating it from the auto-fluorescence of fatty tissues
(white dotted circles) that are located near LNs. Also from Fig. 3¢, the LN NIRF signal (yellow dotted circles) was
obviously identified under NIR light excitation after 1 h post injection of hFTN, whereas the LNs were not visible
under bright-field light, indicating the LN-specific targeting of hFTN. Enhanced accumulation of hFTN in LNs
was also confirmed by ex vivo fluorescence imaging (Supplementary Fig. 4a), showing that the NIRF signals were
detected only in the proximal LNs (injection side), but not in the distal LN, indicating locally targeted delivery of
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the protein nanoparticles after subcutaneous injection. The hFTN-treated LNs exhibited the highest NIRF signal,
i.e. 3 to 7-fold higher than the other protein nanoparticle-treated LNs (Supplementary Fig. 4b). Moreover, from
the ex vivo NIRF images of excised organs (liver, lung, spleen, kidney, heart, and LNs), the highest NIRF signals
were clearly observed in the hFTN-treated LNs (Supplementary Fig. 4c). Histological fluorescence imaging of
the dissected LNs at 24" h post injection also indicates the brightest fluorescence signals of hFTN-treated LNs
(Supplementary Fig. 4d). Based on the results of Fig. 3 and Supplementary Figs 3 and 4, hFTN was selected as a
preferable carrier of tumor antigen to elicit robust response of immune cells in LNs.

Engineering of human ferritin nanoparticle (hnFTN) to present model TSA (RFP) on hFTN surface.
To develop a ferritin nanoparticle-based cancer vaccine, RFP-modified hFTN (hFTN-RFP) was synthesized
through the genetic fusion of the N-terminus of RFP (model tumor antigen) to the C-terminal E-helix of
hFTN subunit (human ferritin heavy chain), affording dense display of RFP on the surface of hFTN and effi-
cient antigen exposure to immune cells in LNs (Fig. 4a,b). Although native hFTN with a diameter of 12nm
has “turn-inside” conformation where the C-terminal E-helix of hFTN subunit is located inside the cavity of
particle, genetic linkage of recombinant protein or peptide to the C-terminus of hFTN subunit can make the
engineered hFTN adopt “turn-inside-out” conformation where the genetically modified C-termini point out-
side of the particle upon self-assembly of 24 subunits (Fig. 4b)****. We also inserted a flexible glycine-rich linker
peptide (G3SG;TG;SG;) between the E-helix of hFTN subunit and the N-terminus of RFP, which might pro-
vide further conformational flexibility to induce turn-inside-out conformation of the engineered hFTN (Fig. 4a).
The C-terminal poly-histidine tag (His;) was added for Ni*"-affinity purification of hFTN-RFP from crude cell
lysates. The successful synthesis of hFTN-RFP was confirmed through SDS-PAGE, DLS, and TEM analysis of the
purified hFTN-RFP, showing the formation of homogeneous particles with a diameter of 22.0 £ 0.7 nm (Fig. 4b,
Supplementary Fig. 5). Compared to the size of hFTN (Table 1), the increased diameter of hFTN-RFP is due to
the additional surface-display of recombinant polypeptides, i.e. linker-RFP-His,. Importantly, Fig. 4c shows that
after injected into the forepaw pad of healthy mice (100 ul, Supplementary Fig. 6), the Cy5.5-labeled hFTN-RFP
showed a similar pattern of LN targeting through lymphatic vessels (white arrows) and accumulation (white
dotted circles), as compared to the injection of RFP-free hFTN (Fig. 3c). The subcutaneously injected hFTN-RFP
rapidly migrated from injection site to LN within 1 min, and the LN NIRF signals lasted up to 72h, indicating
the excellent LN targeting and prolonged retention of hFTN-RFP in LN, compared to the RFP-only injection
(Fig. 4d).

Vaccination of hFTN-RFP and immunotherapy of RFP-expressing tumor in mice. To estimate
the effect of hFTN-RFP vaccination on tumor growth inhibition in vivo, C57BL/6 mice were subcutaneously
injected with hFTN-RFP (10 pM), RFP (10 M), hFTN (10 pM), or PBS, three times with 1-week interval, fol-
lowed by the inoculation of RFP-expressing B16F10 melanoma tumor (Fig. 5a). At 19% day after the tumor inoc-
ulation, the size of excised tumor treated with hFTN-RFP was obviously much smaller than the tumor in the
RFP-, hFTN-, and PBS-treated mice (Fig. 5b). Time-course measurement of tumor volume shows that the RFP-,
hFTN-, and PBS-treated tumor continuously grew to the large size exceeding 1000 mm? (p < 0.05) for 24 days
post injection (Fig. 5¢). Vaccination with hFTN-RFP significantly enhanced the survival of tumor-bearing mice
(Supplementary Fig. S7). All the mice treated with PBS or RFP died at 32°¢ day after the tumor inoculation, and
the mice vaccinated with hFTN-RFP exhibited a 60% survival rate when survival was monitored up to 36 days
after the tumor inoculation. For all the mice tested, the difference in body weight was negligible during the entire
period of tumor growth estimation, suggesting no toxic effect by RFP, hFTN, PBS, and hFTN-RFP injected to
mice (Fig. 5d).

The immune response of mice was also estimated by measuring the changes in LN volume in the mice that
were vaccinated with PBS, RFP (10 uM), hFTN (10 pM), and hFTN-RFP (10 M), three times with 1-week inter-
val (Fig. 6a). For 1 week after the final vaccination, the average volume of LNs increased to 3.89 mm?, 9.23 mm?,
and 13.31 mm? in the mice treated with RFP, hFTN, and hFTN-RFP, respectively, as compared to PBS-treated
LNs (1.26 mm?®) (p < 0.05), indicating that the largest increase of LN size was caused by the hFTN-RFP vaccina-
tion. Furthermore, the lymphocyte population in LNs was comparatively analyzed using immunofluorescence
double-staining of the LNs vaccinated with PBS, RFP, hFTN, and hFTN-RFP (Fig. 6b). The cell population in
the regional LNs of PBS-treated mice comprised 54.4 +17.4% of B cells and 45.6 +-17.4% of T cells, while the T
cell population in LNs of the mice vaccinated with hFTN, RFP, and hFTN-RFP was 62.1 +9.7%, 68 +8.9%, and
78.9 +7.9%, respectively (p < 0.05), indicating that the hFTN-RFP vaccination increased the T cell populations
in LN to the highest level (Fig. 6¢). (In case of the vaccination of hFTN-RFP, the actual number of B cells almost
unchanged, while the number of T cells dramatically increased, which results in the noticeable change in the
percentage of B and T cell population). To investigate whether hFTN-RFP can elicit the RFP-specific anti-tumor
immune responses, the strength of CD87 T cell response was assessed in the C57BL/6 mice that were subcuta-
neously vaccinated with hFTN-RFP (10 pM), RFP (10 pM), hFTN (10 pM), and PBS, three times with 1-week
interval. At 7" day after the final vaccination, splenocytes were activated ex vivo with RFP-derived peptide (S111
to 1119 or SSLQDGCFI), which acts as an epitope for RFP-primed response®. The strength of the CD8* T cell
response was assessed by analyzing the frequency of intracellular interferon (IFN)-v-secreting CD8" T cells in
the spleen (Fig. 6d). The number of IFN-v-secreting CD8" T cells in the spleen of the mice vaccinated with
hFTN-RFP (85 4) was approximately 3-fold higher, compared to the mice vaccinated with PBS (26 & 5), RFP
(294 4), and hFTN (32 £ 3) (Fig. 6e; p < 0.002), indicating that hFTN-RFP stimulates most effectively the pro-
duction of RFP-specific cytotoxic T cells. This suggests that tumor-specific antigen (RFP)-primed and anti-tumor
immune response was provoked by hFTN-RFP.
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Figure 4. Model tumor antigen (RFP)-displaying hFTN (hFTN-RFP) as a cancer immunotherapeutic
vaccine. (a) Schematic illustration of biosynthesis of hFTN-RFP in E. coli, affording surface display of RFPs

on hFTN. (b) Characteristic surface structure of hFTN (PDB ID: 3AJO) and surface engineering of hFTN

to display REPs. (TEM image shows purified hFTN-RFP. N, E, and bold blue part indicates N-terminus,
C-terminal E-helix, and entire subunit protein of hFTN, respectively.). (c) LN images of mice with removed
skin under bright-field light and under NIR light excitation after subcutaneous injection of hFTN-RFP to mice.
(d) Long-term NIR fluorescence images of C57BL/6 mice at pre-determined time points after subcutaneous
injection of RFP and hFTN-RFP through the footpad of mice.

36.5 (x10%)

Discussion

The efficacy of four different protein nanoparticles in targeting LNs was carefully evaluated after they were
labeled by NIRF dye (Cy5.5) and subcutaneously injected into mice. The Cy5.5 labeling of protein nanopar-
ticles was done through simple chemical conjugation to surface-exposed amines on protein nanoparticles for
imaging-based monitoring of LN targeting performance. From the LN imaging data, it is worth noting that hFTN
rapidly migrated to the LNs with the short incubation time (less than 1 min), and the accumulation of hFTN in
the LNs lasted for a sufficiently long period of time (6 day), compared to other protein nanoparticles. This rapid
localization and prolonged accumulation of hFTN is presumably due to interaction between human ferritin and
T lymphocytes, because human ferritin strongly binds to T cell immunoglobulin and mucin domain-2 (TIM-2),
one of TIM family with important regulatory function of cellular immunity, which is expressed primarily on T
cells and on subsets of B lymphocytes that are abundant in LNs**-%. Reportedly, binding of human ferritin to T
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Figure 5. In vivo tumor inhibition effect of hRFTN-RFP. (a) Vaccination schedule. [C57BL/6 mice were
subcutaneously vaccinated with 10 pl of PBS (control), RFP (10 uM), hFTN (10 pM), and hFTN-RFP (10 pM)
three times with 1-week interval. 1 week after the final vaccination, the mice were subcutaneously inoculated
with REP-expressing BI6F10 melanoma cells (5 x 10°) into the flank.] (b) RFP-expressing tumor-bearing mice
vaccinated with PBS, RFP, hFTN, or hFTN-RFP (top) and tumors excised from each mice (bottom). (Dotted
circles in the top photos indicate tumors). (c) Time-course change of tumor volume of mice (b) after inoculation
with RFP gene-transfected murine melanoma cells. (Asterisks in ¢ indicate p < 0.05 between hFTN-RFP group

and the other groups). (d) The body weight change of mice (b) (n=>5) after the inoculation of REP-expressing
B16F10 melanoma cells.

cells induces the internalization of human ferritin into cellular endosomes, followed by eventually entering a lys-
osomal compartment®°, which is distinguished from classical transferrin pathway for cellular iron delivery. The
prolonged LN retention of hFTN is highly advantageous as an antigen carrier because antigens can be sufficiently
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Figure 6. In vivo immune responses to vaccination of hFTN-RFP. (a) Photographic images of proximal LNs
excised from the mice at 7" day after final vaccination (top) and the volume of excised LNs (n=3) (bottom).
(Asterisks indicate p < 0.05 between hFTN-RFP group and the other groups). (b) Immunofluorescence double-
staining of LNs in the mice vaccinated with PBS, RFP, hFTN, and hFTN-RFP to identify the lymphocyte
population in the LNs. [The LNs are dual-stained with monoclonal mouse anti-human CD79« (green) for B cell
detection and polyclonal rabbit anti-human CD3 (red) for T cell detection. The nucleus was stained with DAPI
(blue).] (c) Relative population of the lymphocyte cells in the LNs of (b) from various mice (n=6). (Asterisks
indicate p < 0.05 between T cell population of hFTN-RFP group and T cell populations of the other groups).
(d) The numbers of the CD8 IFN-~* cell fractions from various groups of (e). (e) The strength of the CD8* T
cell response assessed by analyzing the frequency of intracellular IFN-~-secreting CD8™ T cells in the spleen.
[At 7* day after final vaccination, splenocytes of mice injected with PBS, RFP, hFTN, and hFTN-RFP were
activated ex vivo with RFP-derived peptide (S111 to I119/SSLQDGCFI). Double positive cells (CD8" IFN-~*)
were then identified, and the numbers of the CD8* IFN-~* cells was shown (red).].

exposed to immune cells in LNs. Recent studies suggest that several-day exposure of antigen and adjuvant to
immune system amplifies the immunogenicity of a vaccine!®442,

In general, protein nanoparticles are spontaneously disassembled in living organisms and then degraded or
removed through renal excretion, showing excellent biocompatibility. Moreover, hFTN is a human protein nan-
oparticle and therefore seems to have significant advantages over synthetic nanoparticles in terms of in vivo
biocompatibility. The rapid migration of hFTN to and its prolonged accumulation in LNs may enable hFTN to be
used as a contrast agent to delineate sentinel LNs for resection and appropriate biopsies as well as TSA-carrying
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vaccine platform. Sentinel LNs are the first LNs that cancer cells reach after begin to migrate from primary tumor
through lymphatic vessels*. Following identification of sentinel LNs using contrast agents, the sentinel LNs are
surgically removed and immediately examined using standard pathologic techniques to diagnose cancer metas-
tasis***>. Thus, rapid, sensitive, and accurate identification of sentinel LNs would be of crucial importance in
determining cancer treatment protocols to eradicate tumor or prevent further metastasis. The labeling of hRFTN
using an NIRF dye with fluorescence spectrum of 650-900 nm, which has relatively low auto-fluorescence and
capability of high tissue penetration, would allow imaging-based sensitive detection of even deep-tissue LNs**47,

The well-oriented and flexible surface architecture of hFTN was effectively engineered to expose tumor anti-
gens on its surface through genetic modification of C-terminus of hFTN subunit. That is, due to the conforma-
tional flexibility of C-terminal E-helices of native hFTN, native turn-inside conformation of hFTN was converted
to recombinant turn-inside-out conformation by genetic fusion of model TSA (RFP) to the C-terminus of hFTN
subunit, where 24 RFPs per hFTN particle are located outside the particle. The genetic modification of hFTN
subunits with other tumor antigens should not hamper their self-assembly activity, which is subject to depend
on size and conformation of tumor antigens to be genetically attached to the hFTN subunit. As described in this
work, a flexible glycine-rich linker peptide (G;SG;TG;SGs; in this study) that is placed between the C-terminus
of hFTN subunit and tumor antigen may allow further the conformational flexibility to retain the self-assembly
activity of the engineered hFTN subunits. This suggests that hFTN can be used as a 3D scaffold to carry and
directly deliver tumor-specific proteins or peptides to LNs and therefore mediate efficient cancer immunotherapy.
As compared with the vaccination of RFP only, the genetically engineered hFTN (i.e. hRFTN-RFP) that densely
presents RFPs on the hFTN surface effectively targeted LNs and stayed in the LNs for a sufficiently long period
of time, significantly increased the T cell population in LNs, induced strong and antigen-specific CD8* T cell
response, and successfully inhibited the RFP-expressing tumor growth based on its antigen-specific anti-tumor
activity. Although RFP was used as a model tumor antigen for proof-of-concept in this study, it can be switched
to other tumor antigens. In future, actual tumor antigen-containing hFTN also needs to be evaluated through
treating existed tumors to show that the effectiveness of our cancer vaccines is whether in eliminating existed
tumor or in protecting tumor emergence and growth. This approach to cancer immunotherapy using genetically
engineered hFTN with enhanced tumor-specific immunogenicity seems to have a great potential in clinically
successful cancer treatment.

Methods
Biosynthesis and characterization of protein nanoparticles (DPS, PTS, HBVC, hFTN, and
hFTN-RFP) used for LN targeting and cancerimmunotherapy. Through polymerase chain reaction
(PCR) amplification using the appropriate primers, the six gene clones were prepared using a previously cloned
expression vector?*?%%, encoding NH,-Ndel-(His)¢-DPS-HindIII-COOH, NH,-Ndel-PTSa-HindIII-COOH,
NH,-Ndel-PTSB-(His),- HindIII-COOH, NH,-Ndel-HBVC-HindIII-COOH, NH,-Ndel-(His),-hFTN-HindIII-
COOH, and NH,-Ndel-(His)-hFTN-Xhol-linker (G;SG;TG;SG;)-RFP-HindIII-COOH, and sequentially ligated
into pT7-7 or pET-28a(+). plasmid to construct the following expression vectors: pT7-DPS, pT7-PTS(3, pET-
28a(+)-PTSaq, pET-28a(+)-HBVC, pT7-FTN, and pT7-FTNR, respectively (Supplementary Fig. 1). After com-
plete sequencing, E. coli BL21 (DE3) was transformed with each of pT7-DPS, pET-28a(+)-HBVC, pT7-FTIN,
and pT7-FTNR, and ampicillin- or kanamycin-resistant transformants were selected and used to synthesize the
protein nanoparticles, DPS, HBVC, hFTN, and hFTN-RFP, respectively. To synthesize the protein nanoparticle
PTS, E. coli BL21 (DE3) was co-transformed by both of two recombinant expression vectors, pET-PTScand pT7-
PTS@, and both kanamycin- and ampicillin-resistant transformants were finally selected. The detailed procedures
for recombinant gene expression and purification of synthesized protein nanoparticles are well described in our
previous reports®®#-31,

Size distribution and surface charge of the prepared protein nanoparticles were measured in triplicate using
a Zetasizer Nano ZS (Malvern Instruments,Ltd., Worcestershire, UK) equipped with a 633 nm wavelength of
laser. Each sample was dissolved in distilled water at concentration of 1.0 mg/ml and sonicated for 3 min by
probe-equipped sonicator (Ultrasonic Processor, GEX-600; Sonics & Materials, Newtown, CT) at 90 W. The mor-
phological shapes of protein nanoparticles were analyzed using TEM (CM-200 electron microscope, Philips,
CA), operating at an acceleration voltage at 80 kV. For the preparation of TEM samples, one drop of each protein
nanoparticle suspension (1 mg/ml) was placed onto a 200-mesh copper grid which was pre-coated with carbon.
After 2min of deposition, distilled water was removed by air drying. Negative staining was applied using a droplet
of a 2% (w/v) aqueous uranyl acetate solution.

NIR fluorescence labeling of protein nanoparticles. For in vivo imaging of LNs, NIR dye, Cy5.5 was
used to label the five different protein nanoparticles (DPS, PTS, HBVC, hFTN, and hFTN-RFP) and RFP. 2 mmol
of Cy5.5 N-hydroxysuccinimide (NHS) ester (Cy5.5-NHS, GE Healthcare, Piscataway, NJ) with excitation and
emission maximum wavelength of 675 and 693 nm, respectively, was incubated with the purified protein nan-
oparticles in sodium bicarbonate (0.1 M, pH 8.5) at room temperature for 12h. Cy5.5-labeled protein nano-
particles were loaded onto a sucrose step gradient (40, 35, 30, 25, and 20%w/v) and centrifuged at 35,000 rpm
for 16 h at 4°C to separate the unbound Cy5.5 from Cy5.5-labeled protein nanoparticles or RFP. Subsequently,
sucrose solution (20-25% sucrose) containing the Cy5.5-labeled protein nanoparticles or RFP was fractionated
and then exchanged to PBS (2.7 mM KCl, 137 mM NaCl, 2mM KH,PO,, 10 mM Na,HPO,, pH 7.4) by ultrafiltra-
tion (Amicon Ultra 100K, Millipore, Billerica, MA).

In vivo and ex vivo NIR image analyses.  All experiments using live animals were carried out in compli-
ance with the relevant laws and institutional guidelines of Korea University and Korea Institute of Science and
Technology (KIST). The Korea Institute of Science and Technology Animal Ethics Committee approved the use of
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animals in this study (2013-01-025), and all animal experimental procedures were in compliance with the institu-
tional guidelines of Korea Institute of Science and Technology and the relevant laws. All protocols that synthesize
protein nanoparticles for all experiments were synthesized in Korea University. Male athymic nude mice of age 5
weeks (Orient, Korea) were anesthetized by injecting xylazine (10 mg/kg body weight) and Zolazepam (5 mg/kg
body weight) intraperitoneally. DPS, PTS, HBVC, hFTN, RFP, and hFTN-RFP in PBS (100 ul) were subcutane-
ously injected into the right footpad of mice (Supplementary Fig. 2 and 6). In vivo NIR images were acquired with
a Kodak image station (4000 MM; Kodak, New Haven, CT) equipped with a Cy5.5 bandpass emission filter and
a special C-mount lens or IVIS spectrum imaging system (Caliper Life Sciences, Hopkinton, MA). For the quan-
titative analysis, total photon counts in the tumors were measured using the region of interest (ROI) tool. The
mice were sacrificed, and their proximal and distal LNs were removed and subjected to NIR fluorescence imaging.
To confirm the movement of protein nanoparticles into LNs through lymphatic vessels, real-time intravascular
dynamics of Cy5.5-labeled hFTN or hFTN-RFP was observed in live mice using a Small Animal Imaging System
with 620-650 nm/680-710 nm (excitation/emission) channel. Prior to recording, the mice skin around the LN
was removed to develop clear flow image, and 100 pl of Cy5.5-labeled hFTN or hFTN-RFP was subcutaneously
injected at the right footpad of mice. After the in vivo NIR fluorescence imaging, the mouse was sacrificed, and
liver, lung, spleen, kidney, heart, and/or LNs were excised and imaged ex vivo with a Kodak image station. For the
NIR fluorescence imaging of Cy5.5-labeled hFTN delivered to LNs, excised LNs were embedded in to an optimal
cutting-temperature (OCT) compound for cryosection preparation. Frozen sections (8 pm-thick) cut from the
OCT-embedded specimens were stained with 4,6-diamidino-2-phenylindole (DAPI) and observed with an IL-70
microscope (Olympus) equipped with a mercury arc lamp, a digital camera, and optical filter sets for fluorescence
imaging of DAPI and Cy5.5 fluorescence.

Histological and immunofluorescence analysis of LNs.  After the three-time vaccination of PBS,
RFP, hFTN, or hFTN-RFP, the LN tissues were fixed in neutral buffered formalin and embedded in paraffin for
immunofluorescence double-staining. The tissue slides (5 pm-thick) were deparaffinized and rehydrated, and
the antigens were retrieved in boiling Tris-EDTA buffer (pH 9.0) for 10 min. The slides were first incubated in
monoclonal mouse anti-human CD79a (1:200 diluted in PBS; DakoCytomation, Carpinteria, CA) for 2h, and
the fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG2b (1:300 diluted in PBS; Santa Cruz biotech-
nology, Santa Cruz, CA) was treated for 40 min for B cell detection. Then, polyclonal rabbit anti-human CD3
(1:200 diluted in PBS; DakoCytomation) and CFL555-labeled mouse anti-rabbit IgG (1:300 diluted in PBS; Santa
Cruz biotechnology) was applied in consecutive order for T cell detection. The slides were covered with per-
mount mounting medium containing DAPI for nuclear stain, and the fluorescence images were acquired using
IX81-ZDC focus drift compensation microscope and digital image transfer software (Olympus). Eight random
fields (%200 magnification) were selected in each slide, and the B and T cells were counted using imaging analysis
software (Image Pro Plus 4.1; Media Cybernetics, Silver Spring, MD).

Cytokine-secreting CD8* T cell assay. C57BL/6 mice of age 6 weeks (Orient, Korea) were subcutaneously
vaccinated with 10 ul of hRFTN-RFP (10 pM), hFTN (10 uM), RFP (10 pM), PBS three times with 1-week interval.
One week after the final vaccination, spleen was excised, and splenocytes were harvested from the spleen using
cell strainer. Splenocytes were treated with red blood cell lysis buffer, incubated for 1 min at room temperature,
and washed with PBS. Splenocytes (5 x 10° cells/ml) from each vaccinated mouse were activated for 1h with 1
g/ml of RFP-derived peptide (S111 to 1119 or SSLQDGCFI)** that acts as an epitope for RFP-primed response.
Cells were stained with CD8 antibody (BD Biosciences, San Jose, CA). Then, intracellular IFN-~ staining was
performed with the Cytofix/Cytoperm (BD Biosciences) using IFN-~ antibody (BD Biosciences). IFN-v-secreting
CD8* T cells were characterized by fluorescence-activated cell sorting (FACS) analysis and were quantified using
CELLQuest software.

Estimation of tumor growth inhibition. For estimating the effect of tumor growth inhibition, C57BL/6
mice of age 6 weeks (Orient, Korea) were subcutaneously vaccinated with 10 pl of hFTN-RFP (10 pM), hFTN
(10pM), RFP (10 M), and PBS three times with 1-week interval. One week after the final vaccination, the mice
were subcutaneously inoculated with RFP gene-transfected mouse melanoma (B16F10) cells into the flank.
REP-expressing B16F10 cells were established via liposome-mediated RFP gene transfection method*. In brief,
5x 10* of B16F10 cells were seeded into 6-well plates with RPMI 1640 media, incubated in humidified 5 % CO,
incubator for 24 h at 37 °C, and washed using Opti-MEM (Gibco, Grand Island, NY) before the RFP transfection.
Then Lipofectamine/pDSRed2 complex that was prepared by gently mixing pDSRed2 (1 pg) and lipofectamine
(1 pg, Invitrogen, Carlsbad, CA) in 100 pl of Opti-MEM was stabilized for 20 min at 37 °C and then B16F10 cells
were incubated with the lipofectamine/pDSRed2 complex in humidified 5% CO, incubator for 4 h at 37°C.
Culture media were then changed to RPMI 1640 media to allow cells to recover for 48 h. To isolate transfected
cells form non-transfected cells, selection media containing G418 (1 mg/ml, Gibco, Grand Island, NY) was added
into the RPMI 1640 media for 2 days, and this media was changed weekly. Selected RFP-expressing BI6F10
(RFP-B16F10) cells were cultured in RPMI 1640 containing 25 mM HEPES and G418 (0.5 mg/ml) at 37°C in
humidified 5% CO,, and after 48-h cultivation, the 5 x 10> RFP-B16F10 cells were inoculated into the mice.
Tumor size was observed by measuring the minor and major axes of the tumors with electronic digital callipers.
Tumor volume was calculated according to the following formula®: (tumor volume) = (major axis) X (minor
axis)? x 0.52. All mice were euthanized after tumor volume of control group reached 1500 mm?®. Body weight of
mice was also monitored.

Statistical analysis. Data represents the means =+ standard deviation. A one-way analysis of variance was
used for the comparison of variables between groups.

SCIENTIFICREPORTS | 6:35182 | DOI: 10.1038/srep35182 10



www.nature.com/scientificreports/

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.
23.

24.

25.
26.

38.

39.

40.

41.

42.

43.
44,

45.

46.

Palucka, K., Banchereau, J. & Mellman, I. Designing Vaccines Based on Biology of Human Dendritic Cell Subsets. Immunity 33(4),
464-478 (2010).

Jaini, R., Rayman, P.,, Cohen, P. A., Finke, J. H. & Tuohy, V. K. Combination of sunitinib with anti-tumor vaccination inhibits T cell
priming and requires careful scheduling to achieve productive immunotherapy. Int. J. Cancer 134(7), 1695-1705 (2013).

Sasada, T., Yamada, A., Noguchi, M. & Itoh, K. Personalized peptide vaccine for treatment of advanced cancer. Curr. Med. Chem.
21(21), 2332-2345 (2014)

. Li, H, Li, Y,, Jiao, J. & Hu, H.-M. Alpha-alumina nanoparticles induce efficient autophagy-dependent cross-presentation and potent

antitumour response. Nature Nanotech. 6, 645-650 (2011).

. Irvine, D. ], Swartz, M. A. & Szeto, G. L. Engineering synthetic vaccines using cues from natural immunity. Nature Mater. 12,

978-990 (2013).

. Desch, A. N. et al. Dendritic cell subsets require cis-activation for cytotoxic CD8 T-cell induction. Nature Commun. 5, 4674 (2014).
. Lee, I.-H. et al. Imageable Antigen-Presenting Gold Nanoparticle Vaccines for Effective Cancer Immunotherapy In Vivo. Angew.

Chem. Int. Ed. 51, 8800-8805 (2012).

. Jeanbart, L. et al. Enhancing efficacy of anticancer vaccines by targeted delivery to tumor-draining lymph nodes. Cancer Immunol.

Res. 2, 436-447 (2014).

. Xu, Z. et al. Multifunctional nanoparticles co-delivering Trp2 peptide and CpG adjuvant induce potent cytotoxic T-lymphocyte

response against melanoma and its lung metastasis. J. Control. Release 172, 259-265 (2013).

Jewell, C. M., Bustamante Lopez, S. C. & Irvine, D. J. In situ engineering of the lymph node microenvironment via intranodal
injection of adjuvant-releasing polymer particles. Proc. Natl Acad. Sci. USA 108, 15745-15750 (2011).

Reddy, S. T. et al. Exploiting lymphatic transport and complement activation in nanoparticle vaccines. Nature Biotechnol. 25,
1159-1164 (2007).

Wei, M. et al. Polyvalent immunostimulatory nanoagents with self-assembled CpG oligonucleotide-conjugated gold nanoparticles.
Angew. Chem. Int. Ed. 51, 1202-1206 (2012).

Cobaleda-Siles, M. et al. An iron oxide nanocarrier for dsRNA to target lymph nodes and strongly activate cells of the immune
system. Small 24, 5054-5067 (2014).

Manolova, V. et al. Nanoparticles target distinct dendritic cell populations according to their size. Eur. J. Immunol. 38, 1404-1413
(2008).

Xie Y, B. T., Cohen, M. S. & Forrest, M. L. Drug delivery to the lymphatic system: importance in future cancer diagnosis and
therapies. Exp. Opin. Drug Deliv. 6, 785-792 (2009).

Singh, M., Chakrapani, A. & O’Hagan, D. Nanoparticles and microparticles as vaccine-delivery systems. Exp. Rev. Vaccines 6,
797-808 (2007).

Sloat, B. R, Sandoval, M. A., Hau, A. M., He, Y. & Cui, Z. Strong antibody responses induced by protein antigens conjugated onto
the surface of lecithin-based nanoparticles. J. Control. Release 141, 93-100 (2010).

Peek, L. J., Middaugh, C. R. & Berkland, C. Nanotechnology in vaccine delivery. Adv. Drug Deliv. Rev. 60, 915-928 (2008).
Clawson, C. et al. Delivery of a peptide via poly(D,L-lactic-co-glycolic) acid nanoparticles enhances its dendritic cell-stimulatory
capacity. Nanomedicine 6, 651-661 (2010).

Peer D, K. J., Hong, S., Farokhzad, O. C., Margalit, R. & Langer, R. Nanocarriers as an emerging platform for cancer therapy. Nature
Nanotech. 2, 751-760 (2007).

Petros, R. & DeSimone, J. Strategies in the design of nanoparticles for therapeutic applications. Nat. Rev. Drug Discov. 9(8), 615-627
(2010).

Desai, N. Challenges in Development of Nanoparticle-Based Therapeutics. AAPS J. 14(2), 282-295 (2012).

Council, N. R. A research strategy for environmental, health, and safety aspects of engineered nanomaterials. The national academies
press, Washington DC, USA (2012).

Kwon, K. C. et al. Proteinticle/gold core/shell nanoparticles for targeted cancer therapy without nanotoxicity. Adv. Mater. 26,
64366441 (2014).

Bartneck, M. et al. Peptide-Functionalized Gold Nanorods Increase Liver Injury in Hepatitis ACS Nano 6(10), 8767-8777 (2012).
Liu, G., Gao, J., Ai, H. & Chen, X. Applications and Potential Toxicity of Magnetic Iron Oxide Nanoparticles. Small 9, 1533-1545
(2013).

. Parry, M. C. et al. Thresholds for indirect DNA damage across cellular barriers for orthopaedic biomaterials. Biomaterials 31(16),

4477-4483 (2010).

. Ahn, K.-Y. et al. Engineered protein nanoparticles for in vivo tumor detection. Biomaterials 35, 6422-6429 (2014).

. Lee, J.-H. et al. Proteinticle engineering for accurate 3D diagnosis. ACS Nano 7, 10879-10886 (2013).

. Lee, E. ]. et al. A novel bioassay platform using ferritin-based nanoprobe hydrogel. Adv. Mater. 24, 4739-4744 (2012).

. Kim, S.-E. et al. Fluorescent ferritin nanoparticles and application to the aptamer sensor. Anal. Chem. 83, 5834-5843 (2011).

. Seo, H.-S. et al. Analysis and characterization of hepatitis B vaccine particles synthesized from Hansenula polymorpha. Vaccine 26,

4138-4144 (2008).

. Yoo, L. et al. Fluorescent viral nanoparticles with stable in vitro and in vivo activity. Biomaterials 33, 6194-6200 (2012).
. Luzzago, A. & Cesareni, G. Isolation of point mutations that affect the folding of the H chain of human ferritin in E. coli. EMBO J. 8,

569-576 (1989).

. Davey, G. M. et al. Identification of a MHC I-restricted epitope of DsRed in C57BL/6 mice. Mol. Immunol. 53, 450-452 (2013).
. de Souza, A. & Kane, L. Immune regulation by the TIM gene family. Immunol. Res. 36, 147-155 (2006).
. Chen, T. T. et al. TIM-2 is expressed on B cells and in liver and kidney and is a receptor for H-ferritin endocytosis. J. Exp. Med. 202,

955-965 (2005).

Fargion, S. et al. Specific binding sites for H-ferritin on human lymphocytes: modulation during cellular proliferation and potential
implication in cell growth control. Blood. 78(4), 1056-1061 (1991).

Li, L. et al. Binding and uptake of H-ferritin are mediated by human transferrin receptor-1. Proc. Natl Acad. Sci. USA 107(8),
3505-3510 (2010).

Rodriguez-Manzanet, R., DeKruyff, R., Kuchroo, V. K. & Umetsu, D. T. The costimulatory role of TIM molecules. Immunological
Reviews 229, 259-270 (2009).

Bachmann, M. F. et al. Long-lived memory CD8" T cells are programmed by prolonged antigen exposure and low levels of cellular
activation. Eur. J. Immunol. 36, 842-854 (2006).

Shaulov, A. & Murali-Krishna, K. CD8 T cell expansion and memory differentiation are facilitated by simultaneous and sustained
exposure to antigenic and inflammatory milieu. J. Immunol. 180, 1131-1138 (2008).

Kim, K.-R. et al. Sentinel lymph node imaging by a fluorescently labeled DNA tetrahedron. Biomaterials 34, 5226-5235 (2013).
Akers, W.]. et al. Noninvasive photoacoustic and fluorescence sentinel lymph node identification using dye-loaded perfluorocarbon
nanoparticles. ACS Nano 5, 173-182 (2010).

Douglas-Jones, A. G. & Woods, V. Molecular assessment of sentinel lymph node in breast cancer management. Histopathology 55,
107-113 (2009).

van Oosten, M. et al. Real-time in vivo imaging of invasive- and biomaterial-associated bacterial infections using fluorescently
labelled vancomycin. Nature Commun. 4, 2584 (2013).

SCIENTIFICREPORTS | 6:35182 | DOI: 10.1038/srep35182 11



www.nature.com/scientificreports/

47. Weissleder, R. A clearer vision for in vivo imaging. Nature Biotechnol. 19, 316-317 (2001).

48. Han, K.-Y,, Park, J.-S., Seo, H.-S., Ahn, K.-Y. & Lee, J. Multiple stressor-induced proteome responses of Escherichia coli BL21 (DE3).
J. Proteome Res. 7, 1891-1903 (2008).

49. Park, J.-S. et al. Solubility enhancement of aggregation-prone heterologous proteins by fusion expression using stress-responsive
Escherichia coli protein, RpoS. BMC Biothech. 8, 15 (2008).

50. Han, K.-Y. et al. Solubilization of aggregation-prone heterologous proteins by covalent fusion of stress-responsive Escherichia coli
protein, SlyD. Protein. Eng. Des. Sel. 20, 543-549 (2007).

51. Ahn, ].-Y. et al. Heterologous gene expression using self-assembled supra-molecules with high affinity for HSP70 chaperone. Nucleic
Acids Res. 33, 3752-3762 (2005).

52. Park, K. et al. The attenuation of experimental lung metastasis by a bile acid acylated-heparin derivative. Biomaterials 28(16),
2667-2676 (2007).

53. Kemnade, J. O. et al. Off-the-shelf adenoviral-mediated immunotherapy via bicistronic expression of tumor antigen and iMyD88/
CD40 adjuvant. Mol. Ther. 20, 1462-1471 (2012).

Acknowledgements

This study was supported by the 2015 NLRL (National Leading Research Lab). Project (grant no.
2015R1A2A1A05001861) (the main project that supported this work), the Global Research Laboratory Project
(NRF-2013K1A1A2A02050115), the intramural research program of KIST, and ERC program (grant no. 2010-
0027955).

Author Contributions

J.L. conceived the synthesis of antigen-loaded human ferritin nanoparticle (hFTN-RFP) and the hFTN-RFP-
based cancer immunotherapy, conducted the data analysis, and wrote the paper; K.K. conceived the experiments
of lymph node imaging and cancer immunotherapy, conducted the data analysis, and co-wrote the paper; B-R.L.
performed the synthesis of hFTN-RFP and in vitro and in vivo experiments using hFTN-RFP as a cancer vaccine
and collected the data; HK.K. performed the experiments of lymph node imaging and cancer immunotherapy
using hFTN-RFP and collected the data; B-R.L. and H.K.K. contributed equally to this work; K.Y.A. and ] H.N
performed the experiments of lymph node imaging; J.H.R. and Y.B. analyzed the experimental data; I.C.K.
contributed to the in vivo imaging experiments; Y.H.L., S.J.O. and T.W.K. performed the experiments of immune-
related assays.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Lee, B.-R. et al. Engineered Human Ferritin Nanoparticles for Direct Delivery of Tumor
Antigens to Lymph Node and Cancer Immunotherapy. Sci. Rep. 6, 35182; doi: 10.1038/srep35182 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

= or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the material. To view a copy
of this license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:35182 | DOI: 10.1038/srep35182 12


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Engineered Human Ferritin Nanoparticles for Direct Delivery of Tumor Antigens to Lymph Node and Cancer Immunotherapy
	Introduction
	Results
	Biosynthesis of candidate protein nanoparticles with different origin, size, and shape
	Selection of optimum protein nanoparticle in directly targeting LNs of mice
	Engineering of human ferritin nanoparticle (hFTN) to present model TSA (RFP) on hFTN surface
	Vaccination of hFTN-RFP and immunotherapy of RFP-expressing tumor in mice

	Discussion
	Methods
	Biosynthesis and characterization of protein nanoparticles (DPS, PTS, HBVC, hFTN, and hFTN-RFP) used for LN targeting and cancer immunotherapy
	NIR fluorescence labeling of protein nanoparticles
	In vivo and ex vivo NIR image analyses
	Histological and immunofluorescence analysis of LNs
	Cytokine-secreting CD8+ T cell assay
	Estimation of tumor growth inhibition
	Statistical analysis

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Engineered Human Ferritin Nanoparticles for Direct Delivery of Tumor Antigens to Lymph Node and Cancer Immunotherapy
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35182
            
         
          
             
                Bo-Ram Lee
                Ho Kyung Ko
                Ju Hee Ryu
                Keum Young Ahn
                Young-Ho Lee
                Se Jin Oh
                Jin Hee Na
                Tae Woo Kim
                Youngro Byun
                Ick Chan Kwon
                Kwangmeyung Kim
                Jeewon Lee
            
         
          doi:10.1038/srep35182
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep35182
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep35182
            
         
      
       
          
          
          
             
                doi:10.1038/srep35182
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35182
            
         
          
          
      
       
       
          True
      
   




