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Etsushi Kuroda,8 Shokichi Takahama,9 Motohiro Nonaka,10 Takuya Yamamoto,9 Michiko N. Fukuda,11

and Yasuo Yoshioka1,2,3,12,13,14,16,*

SUMMARY

Efficient delivery of subunit vaccines to dendritic cells (DCs) is necessary to
improve vaccine efficacy, because the vaccine antigen alone cannot induce suffi-
cient protective immunity. Here, we identified DC-targeting peptides using a
phage display system and demonstrated the potential of these peptides as anti-
gen-delivery carriers to improve subunit vaccine effectiveness in mice. The fusion
of antigen proteins and peptides with DC-targeting peptides induced strong an-
tigen-specific IgG responses, even in the absence of adjuvants. In addition, the
DC-targeting peptide improved the distribution of antigens to DCs and antigen
presentation by DCs. The combined use of an adjuvant with a DC-targeting pep-
tide improved the effectiveness of the vaccine. Furthermore, nucleolin, located
on the DC surface, was identified as the receptor for DC-targeting peptide, and
nucleolin was indispensable for the vaccine effect of the DC-targeting peptide.
Overall, the findings of this study could be useful for developing subunit vaccines
against infectious diseases.

INTRODUCTION

As evidenced by the recent COVID-19 and influenza pandemics, infectious diseases caused by several

types of pathogens are a serious challenge for global health. Vaccines are the most efficient preventive

measures against infectious diseases because they can reduce the severity of clinical symptoms and limit

the spread of infections (Delany et al., 2014; Graham and Sullivan, 2018; Pardi et al., 2018). In addition, vac-

cines could be potential therapeutics against cancer, nervous system disorders, and metabolic diseases

(Kobiyama et al., 2019; Malonis et al., 2020; Saxena et al., 2021). Presently, there are several types of vac-

cines against infectious diseases, including attenuated live virus vaccines, inactivated whole virus vaccines,

messenger RNA vaccines, virus vector-based vaccines, and protein- or peptide-based subunit vaccines

(Cid and Bolivar, 2021; Delany et al., 2014; Pardi et al., 2018; Plotkin, 2009). Each of these vaccine types

possess specific advantages and disadvantages. For instance, subunit vaccines, which use pathogen-

derived proteins or peptides as vaccine antigens, have several advantages, including superior safety, negli-

gible chance of mutation within the target-expressed gene, easy upscaling of production, low-cost of pro-

duction, and easy storage requirements (Cid and Bolivar, 2021; Krammer, 2019). However, subunit vaccines

evoke only weak adaptive immunity, such as pathogen-specific antibody responses. To induce strong

adaptive immunity against pathogens, dendritic cells (DCs), which are antigen-presenting cells (APCs),

must capture vaccine antigens for efficient activation (Eisenbarth, 2019). Therefore, the rational use of ad-

juvants to activate DCs and antigen-delivery carriers to efficiently deliver vaccine antigens to DCs can help

improve the effectiveness of subunit vaccines (Tacken and Figdor, 2011).

Currently, several adjuvants have been developed in preclinical and clinical studies (Del Giudice et al.,

2018). For example, aluminum salts (alum) are some of the most reliable adjuvants, with several vaccines

formulated using them (HogenEsch et al., 2018). In addition, oligodeoxynucleotides (ODNs) with unmethy-

lated cytosine-phosphate-guanine (CpG) motifs (CpG ODNs), which are short single-stranded synthetic

DNA fragments containing immunostimulatory CpG motifs and toll-like receptor (TLR) 9 agonist, is one

of the most effective adjuvants for inducing antibody and Th1-type immune responses (Shirota and
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Klinman, 2014). However, adjuvants can cause systemic inflammations, resulting in adjuvant-dependent

adverse reactions (Heikenwalder et al., 2004; Seya et al., 2015). Therefore, the combined use of antigen-de-

livery carriers with adjuvants is expected to improve vaccine efficacy, with less side effects.

Several approaches have been developed for the efficient delivery of antigens to DCs (Caminschi and

Shortman, 2012; Goyvaerts and Breckpot, 2015; Tacken and Figdor, 2011). One such approach involves

encapsulating antigens in particle-based vehicles, such as liposomes and bio-degradable nanoparticles

(20- to 100-nm), which can be preferentially trafficked into lymphatic vessels and travel toward lymph nodes

(Irvine et al., 2013; Moyer et al., 2016). Another approach is the conjugation of antigens to a monoclonal

antibody specific for a particular receptor on DCs, such as DEC205, CD11c, or Clec9A (Dhodapkar et al.,

2014; Hossain and Wall, 2019; Idoyaga et al., 2011; Macri et al., 2016; Trumpfheller et al., 2012). For

example, the delivery of tumor antigen using a monoclonal antibody against DEC205 increases the effi-

ciency of antigen presentation on DCs and induces tumor antigen-specific immune responses in cancer pa-

tients (Dhodapkar et al., 2014). Although this strategy is useful, its application has several limitations (Dho-

dapkar et al., 2014; Hossain andWall, 2019; Idoyaga et al., 2011; Macri et al., 2016; Trumpfheller et al., 2012).

For instance, because mouse-derived antibodies are generally used in preclinical studies, they must be hu-

manized for human use. In addition, there is a need to improve the existing method for chemical conjuga-

tion of antigens with antibodies. Moreover, human monoclonal antibodies exhibit antigenicity and may

often induce antibodies against therapeutic monoclonal antibodies (Beerli and Rader, 2010). In contrast

to monoclonal antibodies, peptides have low antigenicity and the fusion of peptides to specific proteins

is easy, indicating that DC-targeting peptides might be effective carriers for antigen delivery (Gou et al.,

2021; Sioud et al., 2013; Yan et al., 2016). Moreover, previous studies have shown that the fusion of

Clec9-specific peptides and peptide antigens efficiently induces antigen-specific CD8+T cell responses

(Gou et al., 2021; Yan et al., 2016). However, the functions and mechanisms of DC-targeting peptides

remain poorly understood because of the difficulty in obtaining DC-targeting peptides. Particularly, it re-

mains unclear whether the fusion of DC-targeting peptides and antigens improves antigen-specific anti-

body responses in vivo.

One of the technologies for the identification and screening of desired DC-targeting peptides for the

development of subunit vaccines is the phage display system. The phage display system is an unbiased

high-throughput screening technique for identifying desired functional peptides that target specific pro-

teins or cells (Hoogenboom et al., 1998; Mukai et al., 2005; Teesalu et al., 2012). One of the advantages

of this system is the large peptide library size, which contains as many as 109 different peptides. In addition,

this systemmakes it possible to obtain peptides for specific proteins, whole cells, and tissues without a pri-

ori knowledge of the targets or their concentrations. This system has been successfully used to identify

peptide ligands specific to cancer cells, macrophages, organ vasculature, and tumor vasculature (Fukuda

et al., 2000; Mann et al., 2016; Scodeller et al., 2017; Sugihara et al., 2014).

Therefore, the aim of this study was to develop a DC-targeting peptide for vaccine delivery against infec-

tious diseases. To achieve this, we identified an efficient DC-targeting peptide using a phage display sys-

tem and evaluated the potential of this DC-targeting peptide for the delivery of subunit vaccines to mice.

The findings of this study could be important for the development of an effective carrier for vaccines against

infectious diseases.

RESULTS

Identification of DC-targeting peptides using a phage display system

To identify DC-targeting peptide (Dp), a T7 phage-based library displaying 7-mer linear peptides was

mixed with EL4 cells, a mouse T-cell lymphoma cell line, and B16-F10 cells, which is a mouse melanoma

cell line. Phages that did not bind to these cells were recovered and then mixed with mouse bone

marrow-derived DCs (BMDCs). Phages that could bind to BMDCs were recovered and amplified through

infection with E. coli, and three rounds of selection were performed. Overall, the number of phage clones

that bound to the BMDCs relative to the total number of added phages increased with each round of se-

lection (Figure 1A). Thereafter, the BMDC binding ability of purified single-phage clones was assessed us-

ing flow cytometry. Among approximately 200 randomly selected phage clones, 40 different phage clones

with BMDC-binding ability were identified (Figures 1B and S1), and the results of the representative clones

are shown in Figure 1B; the remainder of the phage clones did not exhibit BMDC-binding activity (Fig-

ure S2). Analysis of the peptide sequences using DC-binding phage clones revealed that most peptides
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Figure 1. Identification of DC-targeting peptides by phage display system

(A) The number of phage clones recovered from mouse-derived BMDCs (output) relative to the total number of added

phage (input) at each selection round.

(B) The binding of each phage clone from the third round of selection to BMDCs was evaluated using flow cytometry.

(C) Peptide sequences displayed by selected phage clones with binding capacity to BMDCs.

(D) The binding of each biotin-labeled DC-targeting peptide to BMDCs was detected by fluorescent-labeled streptavidin

using flow cytometry.
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contained consensus sequences with arginine and lysine residues at the 4th and 7th positions, called the

R/K-X-X-R motif (where, R is arginine, K is lysine, and X is any amino acid) (Figure 1C). Next, we examined

the BMDC-binding ability of these peptides using synthetic peptides. Some peptides, such as Dp1, Dp2,

Dp4, and Dp5, exhibited strong binding to BMDCs (Figure 1D). In contrast, the other peptides did not bind

to BMDCs because of their low sensitivity (Figure 1D), although the phage assay indicated that these pep-

tides should bind to BMDCs (Figure 1B). These results indicate that some peptides with the R/K-X-X-Rmotif

at the C-terminus can bind efficiently to DCs.

Potential of DC-targeting peptides as an antigen-delivery carrier

Neutravidin, a derivative of streptavidin, was used as a model antigen to examine the potential of the iden-

tified DC-targeting peptide as an antigen-delivery carrier. Each DC-targeting peptide labeled with biotin

wasmixed with neutravidin, and the purified complex was used as a vaccine antigen. Therefore, the purified

complex contains one molecule of neutravidin and four molecules of DC-targeting peptide. Mice were

immunized with a complex of biotin-labeled peptide and neutravidin twice subcutaneously, and the level

of neutravidin-specific IgG in their plasma was determined using ELISA. The level of neutravidin-specific

IgG in neutravidin-Dp1–immunized mice was significantly higher than that of the other neutravidin-pep-

tides (Figure 1E), although the peptides contained the same R/K-X-X-R motif (Figure 1C). To examine

the strength of the immune responses induced by Dp1, we used alum and CpG ODN as adjuvants.

Although neutravidin-immunized mice did not induce neutravidin-specific IgG, neutravidin plus CpG

ODN-, and neutravidin plus alum-immunized mice showed a strong level of neutravidin-specific IgG (Fig-

ure 1F). The levels of neutravidin-specific IgG in the neutravidin-Dp1–immunized mice were comparable to

those in the neutravidin plus CpGODN- and neutravidin plus alum-immunizedmice (Figure 1F). These data

demonstrated that Dp1 can induce strong antigen-specific IgG, even in the absence of an adjuvant.

Application of Dp1 for vaccine against Streptococcus pneumoniae

To verify the potential of Dp1 as an antigen-delivery carrier, we used pneumococcal surface protein A

(PspA) as an antigen for a vaccine against Streptococcus pneumoniae. Because PspA is expressed on

several S. pneumoniae isolates and induces cross-reactivity among different strains, it is considered an

ideal antigen for the development of pneumococcal vaccines (Khan and Jan, 2017; Masomian et al.,

2020). We genetically fused three peptides Dp1 (Dp133) or other peptides such as Dp2 (Dp233) and

Dp3 (Dp333) to the C-terminal of PspA, and recombinant PspA-peptide proteins were produced using

E. coli. Mice were immunized with wild-type (WT) PspA in the presence or absence of alum or CpG

ODN, or with PspA-peptide twice subcutaneously. WT PspA in combination with alum or CpG ODN

induced significantly higher plasma PspA-specific IgG levels compared to WT PspA alone (Figure 2A).

Furthermore, immunization with PspA-Dp133 induced strong PspA-specific IgG levels comparable to

PspA plus CpG ODN; however, PspA plus alum induced significantly higher PspA-specific IgG levels

than PspA-Dp133 (Figure 2A). In contrast, PspA-Dp233 and PspA-Dp333 did not induce plasma PspA-

specific IgG levels (Figure 2B). In addition, we used another mouse strain, namely BALB/c, to examine

the usefulness of PspA-Dp133. We observed that immunization with PspA-Dp133 induced plasma

PspA-specific IgG levels comparable to those induced with WT PspA plus alum in BALB/c mice (Figure 2C).

However, immunization with PspA-Dp133 did not induce Dp133-specific IgG, indicating that Dp133 has

low antigenicity (Figure 2D). To evaluate whether the PspA-specific IgG response induced by PspA-Dp133

was sufficient to protect against pneumococcal infection, mice were challenged with S. pneumoniae after

the second immunization, and the weight loss and survival rate of the mice after the challenge was exam-

ined. The body weight and survival rate of non-immunized control mice, WT PspA-immunized mice, and

PspA-Dp333–immunized mice decreased after challenge (Figures 2E and 2F). Particularly, the survival

rate of WT PspA-immunized and PspA-Dp333–immunized mice was approximately 30% and 40%, respec-

tively (Figure 2F). In contrast, there was no significant decrease in the body weight and survival rate of WT

Figure 1. Continued

(E and F) Mice were immunized with (E) 5 mg neutravidin (NA) and 5 mg DC-targeting peptides complex, and (F) 5 mg NA

alone, 5 mg NA plus 10 mg CpGODN, 5 mg NA plus 250 mg alum, or 5 mg NA and Dp1 (NA-Dp1) complex. As control, mice

were treated with PBS. Level of NA-specific IgG in plasma were evaluated 7 days after the second immunization using

ELISA.

(E and F) We used 800- (C), 4,000- (-), and 20,000- (:) fold–diluted plasma samples. (E) n = 4–5; (F) n = 5. (E and F) Data

are means G SD. **p< 0.01, ***p< 0.001, ****p< 0.0001 as indicated by Tukey’s test. N.S.: not significant. Significant

differences were analyzed only in the 800-fold-diluted plasma samples. See also Figures S1 and S2.
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Figure 2. Potential of Dp1as an antigen-delivery carrier for vaccine against Streptococcus pneumoniae

(A, B, and D–F) C57BL/6J mice or (C) BALB/c mice were immunized with 1 mg PspA alone, 1 mg PspA plus 10 mg CpGODN,

1 mg PspA plus 50 mg alum, 1 mg PspA-Dp133, 1 mg PspA-Dp233, or 1 mg PspA-Dp333. Plasma levels of (A–C) PspA-

specific IgG and (D) Dp133-specific IgG were evaluated 7 days after the second immunization using ELISA.

(A–D) We used 800- (C), 4,000- (-), and 20,000- (:) fold–diluted plasma samples.

(E and F) At 10 days after the second immunization, C57BL/6J mice were challenged with Streptococcus pneumoniae.

Percentage change in (E) initial body weight and (F) survival were monitored after challenge.

(G and H) Mice were immunized with 1.1 nmol (equivalent to 2 mg) OTII alone, 1.1 nmol (equivalent to 2 mg) OTII plus 50 mg

CpGODN, 1.1 nmol (equivalent to 5 mg) OTII-Dp133, or 1.1 nmol (equivalent to 5 mg) fusion OTII with the other peptides.

Plasma level of OVA-specific IgG were evaluated 7 days after the second immunization using ELISA. We used 160- (C),

800- (-), and 4,000- (:) fold–diluted plasma samples.

(A–D and H) n = 5; (E and F) n = 5–15; (G) n = 4.
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PspA plus alum-immunized and PspA-Dp133-immunized mice (Figures 2E and 2F). Moreover, immuniza-

tion with PspA-Dp133, WT PspA plus CpG ODN, or WT PspA plus alum, protected the mice against pneu-

mococcal infection even after the first immunization (Figure S3). Overall, these findings suggest that immu-

nization with PspA-Dp133 can induce PspA-specific antibody response that is sufficient to protect against

pneumococcal infection, even in the absence of an adjuvant.

To confirm the versatility of Dp1 against various types of antigens, we used a peptide from ovalbumin (OVA)

as an antigen. The peptide from aa323-339 of OVA (OTII) is an MHC class II epitope in mice, and it is known

that antibodies to this peptide are also induced in mice. OTII with Dp133 (OTII-Dp133) was synthesized

chemically, and mice were immunized with OTII-Dp133 twice. Immunization with OTII-Dp133 induced

significantly higher plasma OVA-specific IgG levels compared with mice immunized with the control,

even in the absence of adjuvant (Figure 2G). However, immunization with OTII plus CpG ODN did not

induce plasma OVA-specific IgG levels (Figure 2G). Fusion of OTII with the other peptides did not induce

OVA-specific IgG (Figure 2H). These data suggest that Dp1 could be applied to various types of antigens,

such as proteins and peptides.

Combined effect of Dp1 with an adjuvant

Furthermore, we examined the combined effect of PspA-Dp133 and CpG ODN as an adjuvant. The levels

of PspA-specific total IgG and IgG2c in PspA-Dp133 plus CpG ODN-immunized mice were significantly

higher than those in WT PspA plus CpG ODN- and PspA-Dp133-immunized mice (Figure 3A), and there

was no significant difference in the PspA-specific IgG1 levels of mice immunized with WT PspA plus

CpG ODN, PspA-Dp133, and PspA-Dp133 plus CpG ODN (Figure 3A). Next, we examined the long-

term persistence of PspA-specific total IgG in the plasma after immunization. Five months after immuniza-

tion, the retention rate of PspA-specific total IgG in PspA-Dp133–immunized mice was higher than that in

WT PspA plus CpG ODN-immunized mice (Figure 3B). Furthermore, PspA-Dp133 plus CpG ODN-immu-

nized mice showed a significantly higher retention rate of PspA-specific total IgG than WT PspA plus CpG

ODN-immunized mice (Figure 3B). To investigate PspA-specific CD4+T cell responses, splenocytes from

immunizedmice were stimulated withWT PspA in vitro, and the level of IFN-g in the supernatant was deter-

mined. The IFN-g level of PspA-Dp133 plus CpGODN-immunized mice were significantly higher than that

of WT PspA-, WT PspA plus CpG ODN-, and PspA-Dp133-immunized mice (Figure 3C). Moreover, CpG

ODN-adjuvanted OTII-Dp133 induced significantly higher levels of OVA-specific total IgG and IgG2c

than OTII-Dp133 (Figure 3D). These results suggest that the combined use of Dp1 and adjuvants such

as CpG ODN could improve antibody production and T cell responses.

Rational design of Dp1 as an antigen-delivery carrier

In this study, we examined the properties of Dp1 as an antigen-delivery carrier. First, we investigated the

optimal number of Dp1 for fusion with the antigen to induce antigen-specific antibody responses; we used

PspA-Dp133 and OTII-Dp133 containing three molecules of Dp1, as shown in Figures 2 and 3. The results

showed that immunization with PspA-Dp1 containing one or two molecules of Dp1 (PspA-Dp1 or PspA-

Dp132, respectively) did not induce plasma PspA-specific IgG or protect mice against pneumococcal chal-

lenge compared to immunization with PspA-Dp133 (Figures 4A and 4B). Moreover, OTII containing a sin-

gle Dp1 (OTII-Dp1) did not induce OVA-specific IgG (Figure 4C).

Furthermore, we examined the importance of Dp133 fusion site on PspA. PspA with Dp133 fused to the

N-terminal did not induce PspA-specific IgG compared with PspA with Dp133 fused to the C-terminal (Fig-

ure 4D). The results suggest that the exposure of the C-terminal of Dp133 might be important for inducing

antigen-specific immune responses. To further assess the role of C-terminal of Dp133, we examined

whether the addition of alanine residues to the C-terminal of Dp133 affects immune responses induced

by Dp133. The addition of two alanine residues to the C-terminal of PspA-Dp133 could not induce

PspA-specific IgG (Figure 4D), suggesting the importance of the exposure of C-terminal of Dp133 in

inducing immune responses. Next, we compared the potential of Dp1 as an antigen-delivery carrier using

Figure 2. Continued

(A–E, G, and H) Data are means G SD. *p< 0.05, ****p< 0.0001 as indicated by Tukey’s test. N.S.: not significant.

Significant differences were analyzed only in the (A–D) 800-fold-diluted and (G and H) 160-fold–diluted plasma samples.

(F) *p< 0.05, **p< 0.01, ***p< 0.001 as indicated by comparing Kaplan-Meier curves using the log-rank test. See also

Figure S3.
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Tat peptide. The Tat peptide from human immunodeficiency virus type 1 is a representative cell-pene-

trating peptide that is used as a delivery carrier for proteins into cells (Lonn and Dowdy, 2015). We used

PspA-Tat containing monomeric Tat peptide, but not PspA-Tat33 containing trimeric Tat peptide,

because we could not remove endotoxins from purified PspA-Tat33. The level of PspA-specific IgG in

PspA-Tat–immunized mice was significantly lower than that in PspA-Dp133–immunized mice (Figure 4E).

Figure 3. Combined effect of Dp1 with adjuvant

(A–C) Mice were immunized with 1 mg PspA or 1 mg PspA-Dp133 with or without 10 mg CpG ODN.

(A) Levels of PspA-specific total IgG, IgG1, and IgG2c in plasma were evaluated 7 days after the second immunization

using ELISA.

(B) Several months later after the second immunization, the level of PspA-specific total IgG in plasma was evaluated using

ELISA. We used 800-fold–diluted plasma samples.

(C) At 7 days after the second immunization, splenocytes obtained from immunized mice were incubated in the presence

of PspA in vitro and the level of IFN-g in the supernatant was measured after 1 day.

(D) Mice were immunized with 1.1 nmol (equivalent to 5 mg) OTII-Dp133 or 1.1 nmol (equivalent to 5 mg) OTII-Dp133 plus

50 mg CpG ODN. OVA-specific total IgG, IgG1, and IgG2c in plasma were evaluated using ELISA at 7 days after the

second immunization.

(A and D) We used 800- (C), 4,000- (-), and 20,000- (:) fold–diluted plasma samples. (A–D) n = 5. Data are meansG SD.

**p< 0.01, ***p< 0.001, ****p< 0.0001 as indicated by Tukey’s test. N.S.: not significant.

(A and D) Significant differences were analyzed for only the 800-fold-diluted plasma samples.
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Overall, these results suggest that the addition of three Dp1 to the C-terminus of the antigen is necessary to

induce sufficient immune responses.

Importance of Dp1 fusion with antigens

To examine the mechanism of Dp1-induced immune responses, we first determined whether Dp1 fusion to

the antigen affects antibody responses. Mice were immunized with a mixture of WT PspA and free Dp133,

and the plasma level of PspA-specific IgG was examined. The results showed that there was no significant

difference in the plasma PspA-specific IgG levels of WT PspA-immunized mice and WT PspA plus free

Dp133-immunized mice (Figure 5A). To further verify the influence of antigen fusion with Dp1, mice

were immunized with OVA plus PspA-Dp133 or OVA plus alum, and the plasma level of OVA-specific

IgG was examined. Neither OVA only nor OVA plus PspA-Dp133 induced OVA-specific IgG, however,

OVA plus alum strongly induced OVA-specific IgG (Figure 5B). These results indicated the importance

of Dp1 fusion to the antigen in inducing strong antigen-specific antibody responses. To examine the DC

targeting capacity of Dp1 in enhancing immune responses, mice were immunized with OTII-Dp133 plus

Figure 4. Rational design of Dp1 as an antigen-delivery carrier

(A and B) Mice were immunized with 1 mg PspA alone, 1 mg PspA-Dp1 which have one, two, or three Dp1 at the C-terminal.

(A) Plasma level of PspA-specific IgG was evaluated 7 days after the second immunization using ELISA.

(B) At 10 days after the second immunization, mice were challenged with Streptococcus pneumoniae and survival rate was monitored.

(C) Mice were immunized with 1.1 nmol (equivalent to 2 mg) OTII alone, 1.1 nmol (equivalent to 3 mg) OTII-Dp1, or 1.1 nmol (equivalent to 5 mg) OTII-Dp133 at

the C-terminal. Plasma level of OVA-specific IgG was evaluated 7 days after the second immunization using ELISA.

(D and E) Mice were immunized with (D) 1 mg Dp133-PspA, 1 mg PspA-Dp133 with two alanine residues at the C-terminal, or 1 mg PspA-Dp133, and (E) 1 mg

PspA alone, 1 mg PspA plus 50 mg alum, 1 mg PspA-Tat, or 1 mg PspA-Dp133. The level of PspA-specific IgG in the plasma samples was evaluated 7 days after

the second immunization using ELISA.

(A and C–E) We used (A, D, and E) 800- (C), 4,000- (-), and 20,000- (:) fold–diluted, and (C) 160- (C), 800- (-), and 4,000- (:) fold–diluted plasma samples.

(A–E) n = 5. (A and C–E) Data are presented as mean G SD. ****p< 0.0001 as indicated by Tukey’s test. N.S.: not significant. Significant differences were

analyzed only in the (A, D, and E) 800-fold-diluted and (C) 160-fold-diluted plasma samples. (B) *p< 0.05, **p< 0.01 as indicated by comparing Kaplan-Meier

curves using the log-rank test.
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free Dp133 or OTII-Dp133 plus free Dp533. Co-administration of OTII-Dp133 with free Dp133 inhibited

OTII-Dp133-induced OVA-specific IgG response, whereas co-administration of free Dp533 did not inhibit

OTII-Dp133-induced OVA-specific IgG response (Figure 5C). These results indicated that the binding re-

ceptor of Dp1 differs from that of other peptides. Furthermore, to examine whether Dp1 induces the acti-

vation of innate immune responses in DCs, BMDCs were treated with OTII-Dp133, OTII-Dp233, or CpG

ODN in vitro (Figure 5D). Treatment with OTII-Dp133 and OTII-Dp233 did not induce the production

of IL-6 and IL-12 p40, whereas OTII plus CpG ODN stimulated the production of IL-6 and IL-12 p40 (Fig-

ure 5D). Overall, these data suggest that the delivery of the antigen by Dp1 to immune cells such as

DCs without stimulating the innate immune response might be important for the induction of antigen-spe-

cific antibody responses.

Efficient distribution of Dp1 to APCs

To further elucidate the mechanism of Dp1-induced immune responses, we examined the distribution of

Dp1 in APCs, including DCs. To achieve this, mice were treated with fluorescent-labeled Dp133 or

Dp233, and fluorescence-positive cells in draining lymph nodes was assessed 24 h after treatment using

Figure 5. Importance of Dp1 and antigen fusion without DC activation

(A) Mice were immunized with 1 mg PspA alone, a mixture of 1 mg PspA and 1 mg free Dp133, or 1 mg PspA plus 250 mg alum, and the level of PspA-specific IgG

in the plasma samples was evaluated at 7 days after the second immunization using ELISA.

(B) Mice were immunized with 10 mg OVA alone, 10 mg OVA plus 1 mg PspA-Dp133, or 10 mg OVA plus 250 mg alum, and the level of OVA-specific IgG in the

plasma samples was evaluated 7 days after the second immunization using ELISA.

(C) Mice were immunized with 1.1 nmol (equivalent to 5 mg) OTII-Dp133, 1.1 nmol (equivalent to 5 mg) OTII-Dp133 plus 4 nmol (equivalent to 100 mg) free

Dp133, or 1.1 nmol (equivalent to 5 mg) OTII-Dp133 plus 4 nmol (equivalent to 100 mg) free Dp533, and the level of OVA-specific IgG in the plasma samples

was evaluated at 7 days after the second immunization using ELISA. (A–C) We used (A and B) 800- (C), 4,000- (-), and 20,000- (:) fold–diluted, and (C) 160-

(C), 800- (-), and 4,000- (:) fold–diluted plasma samples.

(D) BMDCs were treated with 11.3 nM (equivalent to 50.9 mg/mL) OTII-Dp133, 11.3 nM (equivalent to 46.3 mg/mL) OTII-Dp233, 11.3 nM (equivalent to

20 mg/mL) OTII, or 11.3 nM (equivalent to 20 mg/mL) OTII plus 10 mg/mL CpG ODN for 24 h, and the levels of IL-6 and IL-12 p40 in the supernatants were

determined using ELISA. (A and B) n = 4; (C) n = 5; (D) n = 4. Data are meansG SD. *p< 0.05, ***p< 0.001, ****p< 0.0001 as indicated by Tukey’s test. N.S.: not

significant. Significant differences were analyzed only in the (A and B) 800-fold-diluted and (C) 160-fold-diluted plasma samples.

ll
OPEN ACCESS

iScience 25, 105324, November 18, 2022 9

iScience
Article



ll
OPEN ACCESS

10 iScience 25, 105324, November 18, 2022

iScience
Article



flow cytometry. We observed significantly higher fluorescence-positive conventional DCs (cDCs), migratory

DCs (mDCs), B cells, and macrophages in Dp133-treated mice than in Dp233-treated mice (Figures 6A,

S4A, and S4B), indicating that there was efficient translocation of Dp1 into APCs. Furthermore, we exam-

ined the efficiency of antigen presentation on DCs using Ea peptide, which is an MHC class II epitope pep-

tide (Itano et al., 2003). The Ea peptide present on MHC class II molecules was detected using flow cytom-

etry using an antibody that recognizes the Ea peptide in complex with MHC class II (Itano et al., 2003).

Ea-Dp133 fusion was synthesized chemically, and mice were treated with Ea, Ea-Dp133, or Ea-Dp233.

At 1, 3, and 5 days after treatment, we detected antigen presentation on DCs, B cells, and macrophages

in draining lymph nodes using flow cytometry (Figures 6B, S4A, and S4C). Furthermore, antigen presenta-

tion on cDCs was significantly higher in Ea-Dp133–treatedmice than in Ea-treated and Ea-Dp233–treated

mice on day 1 (Figures 6B, S4A, and S4C). In addition, Ea-Dp133 induced significantly higher antigen pre-

sentation on mDCs than Ea-Dp233 1, 3, and 5 days after treatment (Figures 6B, S4A, and S4C). Moreover,

antigen presentation was significantly higher on B cells and macrophages in Ea-Dp133–treated mice on

day 5 (Figure 6B). Furthermore, we did not observe enhanced expression of CD86, which is a co-stimulatory

molecule, on DCs, B cells, and macrophages in Ea–, Ea-Dp133–, and Ea-Dp233–treated mice, whereas

CpG ODN induced the enhanced expression of CD86 on DCs and B cells (Figure 6C). Collectively, these

results suggest that Dp1 delivers antigens to APCs, such as DCs, B cells, and macrophages, and induces

efficient antigen presentation without DC activation.

Binding of Dp1 to DCs in nucleolin-dependent manner

To understand how Dp1 delivers antigens to DCs, it is important to clarify the binding molecule of Dp1 on

the surface of DCs. Because studies have shown that peptides with the R/K-X-X-R motif can bind to the

ligand-binding pocket of neuropilin (NRP)-1 (Ruoslahti, 2017; Teesalu et al., 2009), we examined the bind-

ing of DC-targeting peptides to recombinant NRP-1 protein. DC-targeting peptides with R/K-X-X-R motif,

including Dp1, could bind to the recombinant NRP-1 protein with similar affinity (Figure 7A). To examine

the binding ability of these peptides to NRP-1 on the surface of mouse DCs, we examined the binding

of these peptides to DC2.4 cells, a mouse DC line, in the presence of an anti-NRP-1 polyclonal antibody.

The results showed that the binding of Dp2, Dp3, Dp4, and Dp5 to DC2.4 cells was significantly inhibited by

the addition of anti-NRP-1 antibody compared with the isotype control antibody (Figure 7B). In contrast,

there was no difference in Dp1-binding to anti-NRP-1 antibody-treated and isotype antibody-treated

DC2.4 cells (Figure 7B). We also obtained similar results using different concentrations of anti-NRP-1 anti-

body and peptides (Figure S5). The binding of RPARPAR peptide, which is known to bind to NRP-1 (Teesalu

et al., 2009), to DC2.4 cells was also significantly inhibited by the addition of anti-NRP-1 antibody compared

with the isotype control antibody (Figure S5). To further verify the NRP-1-independent binding of Dp1 to

DC2.4 cells, we suppressed the expression of NRP-1 in DC2.4 cells using anti-NRP-1 siRNA. We confirmed

that the expression of NRP-1 in siRNA-transfected DC2.4 cells was significantly lower than that in wild-type

DC2.4 cells (Figure S6A). No difference was found in Dp1-binding between wild-type DC2.4 cells and

siRNA-transfected DC2.4 cells whereas the binding of Dp2, Dp4, Dp5, and RPARPAR peptide to siRNA-

transfected DC2.4 cells was significantly lower than that in wild-type DC2.4 cells (Figures 7C and S6B).

Collectively, these results suggest that Dp1 binding to DCs is independent of NRP-1.

To identify the cell receptor of Dp1 on DCs, themembrane fraction of BMDCs was incubated with Dp1-con-

jugated beads, and the bead-bound proteins were eluted using an acid solution. A Lumitein-stained gel

after SDS-PAGE revealed a specific protein band (indicated with an arrow) with the sample from the

Dp1-conjugated beads, whereas this band was not observed for the sample from the Dp5-conjugated

beads (Figure 7D). Proteomic analysis of this band identified the protein as a nucleolin. To confirm the pres-

ence of nucleolin on the surface of DCs using flow cytometry, we used AS1411, a DNA aptamer specific for

Figure 6. Efficient antigen-presentation by Dp1 in mice

(A) Mice were treated with 3.5 nmol (equivalent to 10 mg) fluorescent-labeled Dp133 or 3.5 nmol (equivalent to 8.6 mg) fluorescent-labeled Dp233 via the ear

pinna. Fluorescent-positive conventional DCs (cDCs), migratory DCs (mDCs), B cells, and macrophages in draining lymph nodes were measured 24 h after

treatment using flow cytometry.

(B and C) Mice were treated with 18 nmol (equivalent to 30 mg) Ea only, 18 nmol (equivalent to 79 mg) Ea-Dp133, 18 nmol (equivalent to 72 mg) Ea-Dp233, or

18 nmol (equivalent to 30 mg) Ea plus 50 mg CpG ODN via the ear pinna.

(B) The presence of YAe positive cDCs, mDCs, B cells, and macrophages in draining lymph nodes was examined 1, 3, and 5 days after treatment using flow

cytometry.

(C) The expression of CD86 on cDCs, mDCs, B cells, and macrophages was evaluated 3 day after treatment using flow cytometry.

(A–C) n = 4. Data are presented as means G SD. *p< 0.05, **p< 0.01, ****p< 0.0001 as indicated by Tukey’s test. N.S.: not significant. See also Figure S4.
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nucleolin, and a control oligonucleotide (CRO). AS1411 binds to DC2.4 cells (Figure S7A) and BMDCs (Fig-

ure S7B) at 4�C, whereas CRO did not bind to these DCs (Figures S7A and S7B), indicating the presence of

nucleolin on the cell surface of DCs. Next, we measured the direct binding of biotin-labeled Dp133 to re-

combinant nucleolin protein using fluorescent-labeled streptavidin. Compared to the negative control

protein OVA, biotin-labeled Dp133 bound significantly to recombinant nucleolin protein, whereas

Dp233 failed to bind to recombinant nucleolin protein (Figure 7E). In addition, we examined whether

Dp133 inhibited the binding of biotin-labeled AS1411 to recombinant nucleolin protein. Dp133 signifi-

cantly suppressed the binding of AS1411 to recombinant nucleolin protein compared with Dp233 (Fig-

ure 7F). These results suggest that Dp1 binds to the nucleolin protein.

To assess the binding of Dp1 to nucleolin on DCs, we examined the binding of Dp1 to DC2.4 cells in the

presence of AS1411 or CRO (Figure 7G). The binding of Dp1 to DC2.4 cells was significantly lower in the

presence of AS1411 than in the presence of CRO; however, AS1411 did not inhibit the binding of Dp2,

Dp4, and Dp5 to DC2.4 cells (Figure 7G). Next, we examined the binding of Dp1 to DC2.4 cells in the pres-

ence of MS-3, a monoclonal antibody specific to nucleolin. The binding of Dp1 to DC2.4 cells was signifi-

cantly lower in the presence of MS-3 than in the presence of isotype control antibody; however, MS-3 did

not inhibit the binding of Dp5 to DC2.4 cells (Figure 7H). In addition, AS1411 (Figure 7I) andMS-3 (Figure 7J)

inhibited the binding of Dp1 to CAL-1 cells, which is a human DC line. Finally, to examine the contribution

of nucleolin to Dp1-induced IgG response in vivo, mice were immunized with PspA-Dp133 in the presence

of AS1411 or CRO. The level of PspA-specific IgG was significantly lower in PspA-Dp133 plus AS1411-

immunized mice than in PspA-Dp133 plus CRO-immunized mice (Figure 7K). Collectively, these results

suggest that nucleolin on the cell surface of DCs acts as the target molecule of Dp1.

DISCUSSION

In the present study, we successfully identified DC-targeting peptides using a phage display system. Most

of the identified DC-targeting peptides had the R/K-X-X-R motif at the C-terminus (Figure 1K), indicating

that the R/K-X-X-R motif is important for binding to DCs. Each phage clone had a strong binding ability to

DCs (Figure 1B); however, only some of the synthetic peptides with the R/K-X-X-R motif could bind to DCs

(Figures 1C and 1D). This discrepancy might result from the difference in sensitivity, as each phage displays

415 peptides on its surface (Teesalu et al., 2012) whereas synthetic peptides function as monomers. Among

DC-targeting peptides with the R/K-X-X-R motif, Dp1 induced protein antigen-specific IgG even in the

absence of adjuvant, which was comparable to the antigen (neutravidin and PspA) plus adjuvant induced

response (Figures 1 and 2). Generally, it is difficult to induce peptide antigen-specific IgG, because peptide

antigens have low antigenicity. Therefore, chemical conjugation of peptide antigens to carrier proteins,

such as keyhole limpet hemocyanin, has been used to induce peptide antigen-specific IgG (Nakagami

andMorishita, 2018). Here, we did not observe any OVA-specific IgG even in OTII plus adjuvant-immunized

Figure 7. Nucleolin as the cell surface receptor for Dp1

(A) The binding of 10 mg/mL biotin-labeled DC-targeting peptides to NRP-1 protein was detected using fluorescent-labeled streptavidin.

(B) The binding of each 250 mg/mL biotin-labeled DC-targeting peptide to DC2.4 cells in the presence of 90 mg/mL anti-NRP-1 polyclonal antibody or

90 mg/mL isotype control antibody was detected using flow cytometry using fluorescent-labeled streptavidin.

(C) The binding of 10 mg/mL biotin-labeled Dp1 or Dp2 to wild-type DC2.4 cells or DC2.4 cells treated with siRNA against NRP-1 were detected using flow

cytometry using fluorescent-labeled streptavidin.

(D) The membrane fraction of BMDCs was incubated with Dp5-conjugated beads or Dp1-conjugated beads. The bead-bound proteins were eluted using an

acid solution and the eluted solution was analyzed using Lumitein staining gel after SDS-PAGE. The arrow indicates the band of nucleolin.

(E) The binding of 10 mg/mL biotin-labeled Dp133 or Dp233 to recombinant nucleolin or OVA was measured using PE-labeled streptavidin.

(F) The binding of 0.5 mM biotin-labeled AS1411 to recombinant nucleolin in the presence or absence of 100 mg/mL Dp133 or Dp233 were measured using

PE-labeled streptavidin.

(G) The binding of 10 mg/mL biotin-labeled Dp1, Dp2, Dp4, or Dp5 to DC2.4 cells in the presence of 10 mMAS1411 or CROwas detected using flow cytometry

using fluorescent-labeled streptavidin.

(H) Flow cytometry was used to detect the binding of 10 mg/mL biotin-labeled Dp1 or Dp5 to DC2.4 cells in the presence of 50 mg/mLMS-3 or isotype control

antibody using fluorescent-labeled streptavidin.

(I) The binding of 50 mg/mL biotin-labeled Dp1 to human CAL-1 cells in the presence of 10 mM AS1411 or CRO was evaluated using flow cytometry using

fluorescent-labeled streptavidin.

(J) The binding of 50 mg/mL biotin-labeled Dp1 to human CAL-1 cells in the presence of 50 mg/mL MS-3 or isotype control antibody was detected using flow

cytometry using fluorescent-labeled streptavidin.

(K) Mice were immunized with 1 mg PspA-Dp133 plus 5 nmol AS1411 or CRO, and the level of PspA-specific IgG in plasma was determined 20 days after the

first immunization using ELISA. (A, C, E–G, and J) n = 4; (B, H, and I) n = 3; (K) n = 5. Data are meansG SD. *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001 as

indicated by (B, C, and H–K) Student’s t-test and (E–G) Tukey’s test. N.S.: not significant.
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mice (Figure 2G). In contrast, OTII-Dp133 induced strong OVA-specific IgG, even in the absence of adju-

vants (Figures 2G and 2H). Therefore, Dp1 could be a useful carrier for not only protein antigens but also

peptide antigens to improve antigen-specific antibody responses even in the absence of adjuvants.

Here, we showed that the combined use of Dp1 and CpGODN improved the induction of antigen-specific

IgG, especially IgG2, and antigen-specific IFN-g producing CD4+T cells (Figure 3). Mouse IgG2 corre-

sponded to human IgG1 and IgG3. Mouse IgG2 and human IgG1 and IgG3 can bind to activating Fcg re-

ceptors and induce strong antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent

cellular phagocytosis (ADCP) by neutrophils and macrophages (Bournazos et al., 2017; Bruhns et al.,

2009). ADCC and ADCP are important for eliminating bacteria including S. pneumoniae and virus-infected

cells (Bournazos and Ravetch, 2015; Sadarangani, 2018). In addition, IFN-g contributes to the elimination of

pathogens by activating macrophages and neutrophils (Gocher et al., 2021; Sun et al., 2007). A recent study

showed that both influenza virus-specific IgG2 and influenza virus-specific IFN-g producing Th1 cells coop-

eratively confer protection against influenza virus infection in mice (Shibuya et al., 2021). Therefore, the

combined use of antigens with Dp1 and CpG ODN could be a potential strategy for developing vaccines

against bacteria such as S. pneumoniae and viruses such as influenza virus. Moreover, the findings of the

present study showed that the combined use of Dp1 and CpG ODN induced long-lasting antigen-specific

antibody response (Figure 3B). Long-lasting antibody responses are important to sustain long-term vaccine

effects, and the decrease in antigen-specific IgG levels in blood indicates the need for a booster vaccina-

tion (Bemark et al., 2011; Wong and Bhattacharya, 2019). Therefore, this finding further validates the com-

bined use of Dp1 and CpG ODN.

To elucidate why Dp1 alone can induce strong antibody response among DC-targeting peptides, we iden-

tified the binding receptor of DC-targeting peptides on DCs. Ruoslahti et al. found that peptides with the

R/K-X-X-R/K motif at the C-terminus have the potential to bind to NRP-1 (Ruoslahti, 2017; Teesalu et al.,

2009). In addition, studies have shown the usefulness of peptides with this motif as tumor tissue targeting

vehicles (Ruoslahti, 2017; Teesalu et al., 2009). The findings of the present study showed that DC-targeting

peptides with R/K-X-X-R motif, including Dp1, bind to recombinant NRP-1 protein, and the peptides

except Dp1 bind to DCs in an NRP-1-dependent manner (Figures 7A–7C). In contrast, the binding of

Dp1 to DCs is not dependent on NRP-1 (Figures 7A–7C). In addition, we showed the possibility that the

binding receptor of Dp1 differs from that of other peptides (Figure 5C). We identified nucleolin as the

cell surface receptor for Dp1 on DCs (Figures 7D–7J). Nucleolin is a major constituent of the nucleolus

and is ubiquitously expressed in eukaryotic cells (Bates et al., 2017; Berger et al., 2015; Ferrara et al.,

2021). Nucleolin plays crucial roles in the nucleus and cytoplasm by interacting with RNA, DNA, and other

proteins (Bates et al., 2017; Berger et al., 2015; Ferrara et al., 2021). In addition, nucleolin is localized on the

cell surface by interacting with other cell surface proteins in specific cell types, such as cancer and epithelial

cells (Bates et al., 2017; Berger et al., 2015; Ferrara et al., 2021), although nucleolin does not have a trans-

membrane domain. Nucleolin located on the cell surface plays a critical role in the cell cycle and cell pro-

liferation (Bates et al., 2017; Berger et al., 2015; Ferrara et al., 2021). Furthermore, nucleolin on the cell sur-

face acts as a receptor for several types of growth factors, such as hepatocyte growth factor and viruses,

including human respiratory syncytial virus. In addition, it participates in the translocation of several mol-

ecules and viruses from the cell surface into the cells (Bates et al., 2017; Berger et al., 2015; Ferrara

et al., 2021). These findings indicate that extracellular ligands for nucleolin located on the cell surface

can be internalized into cells after binding to nucleolin. For instance, AS1411, which is a DNA aptamer

with high affinity and specificity to nucleolin, is the first tested aptamer in clinics for cancer therapy and

has been used as a targeting carrier to deliver anti-cancer drugs to cancer cells (Bates et al., 2017; Li

et al., 2017). The results of the present study showed that nucleolin is located on the cell surface of DCs;

it plays a crucial role in the binding of Dp1 to DCs in vitro (Figures 7D–7J). Furthermore, we found that nu-

cleolin contributes to antibody responses induced by Dp1 in vivo (Figure 7K). In addition, Dp1 efficiently

delivered fusion antigens to DCs and induced efficient antigen presentation via MHC class II by DCs

(Figures 6A and 6B). Therefore, efficient delivery of antigens by Dp1 to DCs via nucleolin following efficient

antigen presentation on DCs contributes to strong antigen-specific antibody responses. Furthermore, the

present study confirms the importance of the number of Dp1 to fuse with antigens and C-terminal exposure

of Dp1 to improve immune responses (Figure 4). These structures might affect the binding affinity of Dp1 to

nucleolin. Future investigation is needed to elucidate how Dp1 binds to nucleolin and what protein inter-

acts with nucleolin on the cell surface of DCs. The physiological function of DC surface nucleolin must also

be clarified. In addition, it is essential to clarify why the targeting of the antigen to nucleolin, not NRP-1,
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induces antibody responses efficiently. Overall, these results suggest a vaccine strategy to deliver antigens

to nucleolin by Dp1 or other vehicles to improve antigen-specific antibody responses. For instance, AS1411

might also be a useful antigen-delivery carrier to DCs and AS1411 conjugated antigens and adjuvants

might be a safe vaccine.

The maturation status of DCs is important for regulating particular immune responses or promoting immu-

nological unresponsiveness (i.e., tolerance) (Bonifaz et al., 2002; Chiang et al., 2019). For example, the acti-

vation of DCs is generally essential to induce antigen-specific immune responses. Adjuvants are generally

necessary to induce antibody responses when proteins and peptides are used as antigens, because adju-

vants induce DC activation (Del Giudice et al., 2018). In contrast to conventional adjuvants, Dp1 did not

induce DC activation, such as cytokine production (Figures 5D and 6C). Thus, it remains unclear why effi-

cient delivery of antigens by Dp1 without DC activation can induce efficient antibody responses. Although

much of the focus in vaccine development is on the choice of antigen and adjuvant, another important

parameter is the kinetics of antigen availability (Cirelli and Crotty, 2017; Irvine et al., 2020; Lofano et al.,

2020). The findings of the present study showed that Dp1 induced a stronger and long-lasting antigen pre-

sentation on DCs (Figure 6B). For example, mDCs presented antigens for 5 days after treatment in Dp1-

immunizedmice (Figure 6B). Recent studies have provided evidence that slow release of antigens following

antigen exposure in draining lymph nodes over periods of at least several days enhances the differentiation

of follicular helper T cells (Baumjohann et al., 2013; Benson et al., 2015), which play important roles in the

maturation of antigen-specific B cells, stimulate potent germinal center responses, and improve the quan-

tity and quality of the antibodies (Cirelli et al., 2019; Pauthner et al., 2017; Tam et al., 2016). For instance, one

of mechanisms for the adjuvanticity of alum has been believed to be an enhancement of antigen persis-

tence and prolonged release, an effect referred to as the ‘‘depot effect’’ (Moyer et al., 2020). Therefore,

longer antigen presentation of DCs by Dp1 might contribute to efficient antibody responses, and further

investigation is needed.

Limitations of the study

For efficient translation of the results obtained in mice for human treatment, it is important to understand

the differences in immune responses between mice and humans. Therefore, the findings of the present

study confirm that Dp1 can deliver antigens to mouse and human DCs via nucleolin. However, the expres-

sion level and the expression pattern of nucleolin on several types of DCs between mice and humans might

be different. Further studies are needed to translate our concept to human use in the future.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-mouse IgG with HRP Merck Millipore Cat# AP503P RRID: AB_805355

Goat polyclonal anti-mouse IgG1 with HRP SouthernBiotech Cat# 1070-05; RRID: AB_2650509

Goat polyclonal anti-mouse IgG2c with HRP SouthernBiotech Cat# 1079-05; RRID: AB_2794466

Anti-mouse CD16/CD32 (clone: 93) BioLegend Cat# 101302; RRID: AB_312801

BV421 anti-mouse I-A/I-E (clone: M5/114.15.2) BioLegend Cat# 107632; RRID: AB_2650896

Alexa Fluor 700 anti-mouse CD19 (clone: 6D5) BioLegend Cat# 115528; RRID: AB_493735

APC anti-mouse PDCA1 (clone: 927) BioLegend Cat# 127016; RRID: AB_1967127

PerCP/Cy5.5 anti-mouse CD11c (clone: N418) BioLegend Cat# 117328; RRID: AB_2129641

BV421 anti-mouse CD304 (Neuropilin-1) (clone: 3E12) BioLegend Cat# 145209; RRID: AB_2562358

Anti-T7 tail fiber monoclonal antibody Novagen Cat# 71530

Biotin-labelled anti-mouse IgG2a antibody (clone: RMG2a-62) BioLegend Cat# 407104; RRID: AB_345324

Anti-NRP-1 polyclonal antibody R&D Systems Cat# AF566

Control antibody (NRP-1) R&D Systems Cat# AB-108-C

Anti-nucleolin monoclonal antibody Santa Cruz Cat# sc-8031

Control antibody (nucleolin) (clone: MOPC-21) BioLegend Cat# 400102; RRID: AB_2891079

Biotin-labelled Y-ae antibody eBioscience Cat# 13-5741-82; RRID: AB_657821

Bacterial and virus strains

A T7 phage library displaying random 7-mer linear peptides Dr. Erkki Ruoslahti, Sanford Burnham Prebys

Medical Discovery Institute

N/A

Escherichia coli BL21 New England Biolabs,Inc. Cat# C2527I

WU2 strain of Streptococcus pneumoniae Dr. Yasuhiro Akeda, Research Institute for

Microbial Diseases, Osaka University

N/A

Chemicals, peptides, and recombinant proteins

Human Fms-related tyrosine kinase 3 ligand Miltenyi Biotech Cat# 130-093-854

Alhydrogel Adjuvant 2% InvivoGen Cat# vac-alu-250

Block Ace DS Pharma Biomedical Cat# UKB80

Tetramethyl Benzidine Nacalai Tesque Cat# 05299-54

2 N H2SO4 Nacalai Tesque Cat# 95626-06

PE-labelled streptavidin BioLegend Cat# 405204

Peptides (Dp1 etc.) Scrum N/A

Biotin-labelled peptide Scrum N/A

TAMRA-labelled trimeric peptides Scrum N/A

OTII peptide (ISQAVHAAHAEINEAGR) Scrum N/A

OTII fusion with DC-targeting peptides Scrum N/A

Ea peptide (ASFEAQGALANIAVDKA) Scrum N/A

Ea fusion with DC-targeting peptides Scrum N/A

Neutravidin Thermo Fisher Scientific Cat# 31000

Ultrafiltration tubes (10 kDa) Merck Millipore Cat# UFC801024

Isopropyl-b-D-1-thiogalactopyranoside Nacalai Tesque Cat# 19742-94

Protease inhibitors Roche Cat# 11836170001

Ni-Sepharose HisTrap FF column GE Healthcare Cat# 17531901

Superose 6 Increase 10/300 GL column GE Healthcare Cat# 29091596

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

EndoTrap� HD column LIONEX Cat# LET0010

Limulus Color KY Test Wako Pure Chemical Industries Cat# 291-53101

White OptiPlate-96 Perkin-Elmer Cat# 6005290

OVA with low endotoxin content Fujifilm Cat# 011-24733

Grade V OVA Sigma-Aldrich Cat# A5503

Recombinant mouse NRP-1 protein R&D Systems Cat# 5994-N1

Lipofectamine 3000 Thermo Fisher Scientific Cat# L3000008

HM-NeutrAvidin beads Tamagawa Seiki Cat# TAB8848N3171

Lumitein Biotium Cat# 21002

Deoxyribonuclease 1 Wako Cat# 047-26771

Liberase TL Roche Diagnostics GmbH Cat# 5401020001

7-amino-actinomycin D (7-AAD) BioLegend Cat# 420404

Fixable Viability Dye eFluor 780 Thermo Fisher Scientific Cat# 65-0865-14

Critical commercial assays

IFN-g ELISA Kit BioLegend Cat# 430801

IL-6 ELISA kit BioLegend Cat# 431301

IL-12 p40 ELISA kit BioLegend Cat# 431601

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23225

Experimental models: Cell lines

EL4 cells ATCC N/A

B16-F10 cells ATCC N/A

DC2.4 cells Dr. KL Rock, University of Massachusetts

Medical School

N/A

CAL-1 cells Dr. Takahiro Maeda, Nagasaki University N/A

Experimental models: Organisms/strains

C57BL/6JJmsSlc Japan SLC N/A

BALB/c Japan SLC N/A

Oligonucleotides

CpG–ODN (CpG K3: 50-atcgactctcgagcgttctc-30) Gene Design Cat# CN-65003

AS1411(50-tttggtggtggtggttgtggtggtggtgg-30) Hokkaido System Science N/A

CRO (50-tttcctcctcctccttctcctcctcctcct-30) Hokkaido System Science N/A

siRNA NRP-1 (5’-ctgctacttcacagtatggta-3’) Qiagen N/A

pET28a vector Merck Millipore Cat# 69864

pGEX-6P-2 vector Merck Millipore Cat# 28-9546-50

Software and algorithms

GraphPad Prism 7.03 GraphPad Software Version 7.03

Flowjo Software TreeStar N/A

Other

Microplate Reader (Power Wave HT) BioTek N/A

Multi-plate reader DS Pharma Biomedical N/A

NovoCyte Flow Cytometer ACEA Bioscience N/A

Attune NxT Flow Cytometer Thermo Fisher Scientific N/A

AKTA pure 25 L1 GE Healthcare N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to, and will be fulfilled by,

the Lead Contact, Yasuo Yoshioka (y-yoshioka@biken.osaka-u.ac.jp).

Materials availability

All reagents used in this study will be made available upon reasonable request to the lead contact.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Male C57BL/6J and BALB/c mice (6–7-week-old) were purchased from SLC (Hamamatsu, Japan). BALB/c

mice were used only, as shown in Figure 2C. Mice were housed in a room under a 12-h:12-h light:dark cycle

(lights on, 8:00 a.m.; lights off, 8:00 p.m.) and allowed unrestricted access to food and water. Animal exper-

iments were conducted in accordance to Osaka University’s Institutional Guidelines for the Ethical Treat-

ment of Animals and was approved by the Animal Care and Use Committee of the Research Institute for

Microbial Diseases, Osaka University, Japan (protocol number: BIKEN-AP-R01-15-1).

METHOD DETAILS

Peptides and proteins

All the peptides and proteins used in this study are listed in Table S1.

Cells

EL4 cells, a mouse T-cell lymphoma cell line, and B16-F10 cells, a mouse melanoma cell line, were obtained

from the American Type Culture Collection (Manassas, VA, USA). EL4 cells and B16-F10 cells were cultured

in DMEM supplemented with 10% fetal calf serum and 1% penicillin and streptomycin. DC2.4 cells, a mouse

dendritic cell line, was kindly provided by Dr. KL Rock (Department of Pathology, University of Massachu-

setts Medical School, Worcester, MA, USA). DC2.4 cells were cultured in RPMI1640 supplemented with 10%

fetal calf serum, 1% penicillin and streptomycin, 1% nonessential amino acids, 10 mM HEPES, and

2-mercaptoethanol. CAL-1 cells, a human pDC line isolated from a lymphoma patient, was kindly provided

by Dr. Takahiro Maeda (Nagasaki University, Nagasaki, Japan) (Maeda et al., 2005). CAL-1 cells were

cultured in RPMI1640 supplemented with 10% fetal calf serum, 1% penicillin and streptomycin, 1% nones-

sential amino acids, 10 mM HEPES, and 1 mM sodium pyruvate. To generate mouse-derived BMDCs, we

isolated bone marrow cells from the femurs of C57BL/6J mice and cultured the cells at 37�C for 7 days in

RPMI1640 supplemented with 10% fetal calf serum and 1% penicillin and streptomycin with 100 ng/mL hu-

man Fms-related tyrosine kinase 3 ligand (Miltenyi Biotech, Bergisch Gladbach, Germany). These cells were

maintained at 37�C in a humidified incubator with 5% CO2.

Selection of DC-targeting peptides using phage library

A T7 phage library displaying random 7-mer linear peptides was provided by Dr. E. Ruoslahti (Sanford Burn-

ham Prebys Medical Discovery Institute, La Jolla, CA, USA.). Prior to mixing the phage library with mouse-

derived BMDCs, the phage library with 3.6 3 109 plaque-forming units was mixed with EL4 cells (1 3 108

cells) in PBS containing 2% skim milk at 25�C for 1 h with gentle shaking. The cells were centrifuged at

1,300 rpm for 5 min, and the supernatant was recovered. The supernatant was incubated with B16-F10 cells

(13 106 cells) cultured in 6-well plates containing PBS supplemented with 2% skim milk at 25�C for 1 h. The

supernatant was recovered and the subtracted phage library was incubated with BMDCs (4 3 106 cells)

cultured in 6-well plates containing PBS supplemented with 2% skim milk at 4�C for 1 h. BMDCs were

washed with PBS and BMDC-associated phages were recovered by adding 1% NP-40 in PBS, and Escher-

ichia coli BL21 was added for amplification of phages. Phage-infected BL21 cells were cultured in a
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bacterial shaker at 37�C until lysis occurred. The amplified phage library was subtracted again using EL4

cells and B16-F10 cells and selected by incubation with BMDCs. This cycle was repeated three times.

The output/input ratio was determined by counting the number of phage plaques recovered from the cells

relative to the number of phages added to the cells. Single phage clones from the three round selection

were amplified by Escherichia coli BL21 and tested for binding to BMDCs using flow cytometry. The se-

quences of displayed peptides were determined using specific primers for DNA encoding the insert-con-

taining region at the C terminus of the T7 capsid protein (forward, 5-ggagctgtcgtattccagtc-3; reverse,

5-aacccctcaagacccgttta-3).

Analysis of phage binding to DCs using flow cytometry

Each phage clone was incubated with BMDCs (1 3 105 cells) in PBS containing 2% skim milk at 4�C for 1 h.

After washing with PBS three times, BMDCs were incubated with anti-CD16/CD32 antibody (BioLegend,

San Diego, CA, USA) and anti-T7 tail fiber monoclonal antibody (Novagen, San Diego, CA, USA) at 4�C
for 30 min. After washing three times with PBS containing 1% fetal calf serum, BMDCs were incubated

with biotin-labelled anti-mouse IgG2a antibody (BioLegend) at 4�C for 20 min, followed by PE-labelled

streptavidin (BioLegend) at 4�C for 20 min. After washing three times with PBS containing 1% fetal calf

serum, BMDCs were analyzed using flow cytometry using a NovoCyte Flow Cytometer (ACEA Biosciences,

San Diego, CA, USA).

Binding assay using flow cytometry

Peptides were chemically synthesized by Scrum (Tokyo, Japan). A biotin residue was added to the

N-terminus of the peptides to allow detection by PE-labelled streptavidin. AS1411 (50-tttggtggtgg
tggttgtggtggtggtgg-30) and CRO (50-tttcctcctcctccttctcctcctcctcct-30) were synthesized by Hokkaido Sys-

tem Science (Hokkaido, Japan). Each biotin-labelled peptide (50 mg/mL for Figures 1D, 7I, and 7J,

250 mg/mL for Figures 7B and S5A, 10 mg/mL for Figures 7C, 7G, 7H, S5B, and S6B) was incubated with

BMDCs (1 3 105 cells), DC2.4 cells (1 3 105 cells), or CAL-1 cells (1 3 105 cells) at 4�C for 30 min. In

some cases, DC2.4 cells (1 3 105 cells) or CAL-1 cells (1 3 105 cells) were incubated with each biotin-

labelled peptide in the presence of anti-NRP-1 polyclonal antibody (90 mg/mL for Figure 7B, 18 mg/mL

for Figure S5A, 3.6 mg/mL for Figure S5B; R&D Systems, Minneapolis, MN, USA), control antibody

(90 mg/mL for Figure 7B, 18 mg/mL for Figure S5A, 3.6 mg/mL for Figure S5B; R&D Systems), MS-3

(50 mg/mL for Figures 7H and 7J; Santa Cruz Biotechnology, Santa Cruz, CA, USA), isotype control antibody

(50 mg/mL for Figures 7H and 7J; Biolegend), AS1411 (10 mM for Figures 7G and 7I), or CRO (10 mM for

Figures 7G and 7I). After washing three times with PBS containing 1% BSA, 8 mg/mL of PE-labelled strep-

tavidin was added to detect peptide binding to cells at 4�C for 30 min. After washing with PBS containing

1% BSA, the cells were analyzed using flow cytometry (NovoCyte Flow Cytometer).

Complex of neutravidin and DC-targeting peptide

Wemixed 100 mg neutravidin (Sigma-Aldrich, St. Louis, MO, USA) with 166 mg of biotin-labelled peptide at

25�C for 1 h. This complex of neutravidin and peptide was purified using ultrafiltration tubes with a 10 kDa

exclusion membrane (Amicon Ultra-15, Merck Millipore, Burlington, MA, USA) and used as an antigen.

Expression and purification of recombinant PspA proteins

The amino acid sequence of PspA (GenBank accession number: AF071814) was derived from the WU2

strain of S. pneumoniae. cDNA of PspA corresponding to amino acid residues 32–414, with an N-terminal

hexahistidine tag, was cloned into a pET28a vector (Merck Millipore). The sequence of DC-targeting pep-

tides or Tat peptide (GRKKRRQRRRPPQ) was inserted into the C-terminal of PspA. The GGGGS linker was

inserted between the PspA and the DC-targeting peptide. In some cases, the sequence of Dp1 and

GGGGS linker was inserted after the N-terminal hexahistidine tag. The plasmids were transformed into

Escherichia coli BL21(DE3) cells. The expression of the PspA protein was induced by adding 0.5 mM isopro-

pyl-b-D-1-thiogalactopyranoside and then shaken for 4 h at 37�C. After incubation, the culture mediumwas

centrifuged at 8,000 3 g for 10 min, and the pellet was suspended in a buffer containing 100 mM NaCl,

5 mM imidazole, and 20 mM Tris-HCl supplemented with protease inhibitors. BL21(DE3) cells were lysed

by sonication and the soluble protein was purified from the cleared cell lysate using an AKTA explorer chro-

matography system with a Ni-Sepharose HisTrap FF column (GE Healthcare, Diegem, Belgium) and a

Superose 6 Increase 10/300 GL column (GE Healthcare). The PspA protein was further purified using an

EndoTrap� HD column (LIONEX, Braunschweig, Germany) to remove endotoxins. The level of endotoxin
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in PspA (< 0.05 EU/mg) was confirmed using the Limulus Color KY Test (Wako Pure Chemical Industries, To-

kyo, Japan). Recombinant PspA was quantified using Pierce BCA protein assay kit (Thermo Fisher Scientific,

Hampton, NH, USA) using BSA as a standard.

Fusion of OTII or Ea with DC-targeting peptide

OTII peptide (ISQAVHAAHAEINEAGR) and OTII fusion with DC-targeting peptides was chemically synthe-

sized by Scrum. Ea peptide (ASFEAQGALANIAVDKA) and Ea fusion with DC-targeting peptides were

chemically synthesized by Scrum. During fusion with peptides, a GGGGG linker was inserted between

OTII and DC-targeting peptide, or Ea and DC-targeting peptide.

Immunization

CpG ODN (K3 CpG ODN; 5-atcgactctcgagcgttctc-3) was purchased from GeneDesign (Osaka, Japan). Al-

hydrogel adjuvant (2% alum) was purchased from InvivoGen (San Diego, CA, USA). OVAwith low endotoxin

content was purchased from Fujifilm (Tokyo, Japan) and was used for immunization. Grade V OVA pur-

chased from Sigma-Aldrich was used for ELISA. For neutravidin immunization experiment, mice were

immunized with neutravidin (5 mg/mouse), neutravidin (5 mg/mouse) plus alum (250 mg/mouse), neutravidin

(5 mg/mouse) plus CpG ODN (10 mg/mouse), or a complex of neutravidin and peptide (5 mg/mouse) sub-

cutaneously at the base of the tail on days 0 and 10. For immunization with PspA, mice were immunized with

PspA (1 mg/mouse), PspA (1 mg/mouse) plus alum (50 or 250 mg/mouse), PspA (1 mg/mouse) plus CpGODN

(10 mg/mouse), fusion PspA with peptide (1 mg/mouse), fusion PspA with peptide (1 mg/mouse) plus CpG

ODN (10 mg/mouse), or PspA (1 mg/mouse) plus free Dp133 (1 mg/mouse) subcutaneously at the base of

the tail on day 0, days 0 and 10, or days 0 and 21. As shown in Figure 7K, mice were immunized with PspA-

Dp133 (1 mg/mouse) plus AS1411 (5 nmol/mouse) or PspA-Dp133 (1 mg/mouse) plus CRO (5 nmol/mouse)

subcutaneously at the base of the tail on day 0, andmice were treated with AS1411 (5 nmol/mouse) or CRO

(5 nmol/mouse) on �1 and 1 days. For immunization using OTII, mice were immunized with OTII

(2 mg/mouse equivalent to 1.1 nmol/mouse), OTII (2 mg/mouse equivalent to 1.1 nmol/mouse) plus CpG

ODN (50 mg/mouse), OTII-Dp1 (3 mg/mouse equivalent to 1.1 nmol/mouse), fusion OTII with peptides

(5 mg/mouse equivalent to 1.1 nmol/mouse), fusion OTII with peptides (5 mg/mouse equivalent to

1.1 nmol/mouse) plus CpG ODN (50 mg/mouse), OTII-Dp133 (5 mg/mouse equivalent to 1.1 nmol/mouse)

plus free Dp133 (100 mg/mouse equivalent to 4 nmol/mouse), or OTII-Dp133 (5 mg/mouse equivalent to

1.1 nmol/mouse) plus free Dp533 (100 mg/mouse equivalent to 4 nmol/mouse) subcutaneously at the base

of the tail on days 0 and 10. For immunization with OVA, mice were immunized subcutaneously at the base

of the tail with OVA (10 mg/mouse), OVA (10 mg/mouse) plus PspA-Dp133 (1 mg/mouse), or OVA

(10 mg/mouse) plus alum (250 mg/mouse) on days 0 and 10. Plasma samples were collected on day 28 for

mice immunized on days 0 and 21, or day 17 for mice immunized on days 0 and 10, and the plasma levels

of neutravidin-, PspA-, or OVA-specific antibodies were determined using ELISA. In some cases, we ob-

tained plasma samples several months after the second immunization. As shown in Figure 7K, plasma sam-

ples were obtained on day 20. ELISA plates were coated with neutravidin (1 mg/mL), PspA (1 mg/mL), or OVA

(10 mg/mL) in 0.1 M sodium carbonate buffer (pH 9.6) overnight at 4�C. As shown in Figure 2D, the ELISA

plates were coated with Dp133 (VSYKAIRVSYKAIRVSYKAIR: 10 mg/mL) in 0.1 M sodium carbonate buffer

(pH 9.6) overnight at 4�C. The coated plates were then incubated with 1% Block Ace (DS Pharma Biomed-

ical, Osaka, Japan) for 1 h at 25�C. Plasma samples were diluted with 0.4% Block Ace, and transferred to the

antigen-coated plates. After incubation with plasma for 2 h at 25�C, the coated plates were incubated with

horseradish peroxidase-conjugated goat anti-mouse IgG (Merck Millipore), IgG1 (SouthernBiotech, Bir-

mingham, AL, USA), or IgG2c (Southern Biotech) solution for 1 h at 25�C. After incubation, the color reac-

tion was developed with 0.8 mM tetramethyl benzidine (Dojindo, Kumamoto, Japan) in 100 mM citric acid

buffer, stopped with 2 N H2SO4, and measured at OD450�570 on a microplate reader (Power Wave HT,

BioTek, Winooski, VT, USA). For T cell analysis, spleen samples were collected on day 31, and splenocytes

were prepared to determine IFN-g production. Splenocytes (1 3 106 cells) were added to a 96-well plate

and then stimulated with 50 mg/mL PspA for 1dat 37�C. After incubation, the concentrations of IFN-g in the

supernatants were analyzed using an ELISA kit (BioLegend), following the manufacturer’s instructions.

Streptococcus pneumoniae challenge

Exactly 10 days after the second immunization or 21 days after the first immunization (Figure S3), mice were

intranasally challenged with the WU2 strain of S. pneumoniae. Anesthetized mice were challenged intrana-

sally with 1 3 107 CFU of S. pneumoniae in 30 mL of PBS (15 mL each). The body weights and survival rate of

the challenged mice were monitored for 13 days post-challenge. The humane endpoint was set at 25%
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body weight loss relative to the initial body weight at the time of infection.We defined the day that themice

had less than 75% body weight to the initial body weight as the day of death.

Stimulation of BMDCs

Mouse-derived BMDCswere seeded at a density of 13 105 cells/well in a 96-well flat-bottomed culture plate.

The cells were treated with OTII (20 mg/mL equivalent to 11.3 nM), OTII (20 mg/mL equivalent to 11.3 nM) plus

CpG ODN (10 mg/mL), OTII-Dp133 (50.9 mg/mL equivalent to 11.3 nM), or OTII-Dp233 (46.3 mg/mL equiva-

lent to 11.3 nM) for 24 h at 37�C. Supernatants were analyzed using ELISA kits to determine the concentrations

of IL-6 (BioLegend) and IL-12 p40 (BioLegend), according to the manufacturer’s instructions.

Biodistribution of Dp1 in vivo

Mice were treated with TAMRA-labelled trimeric Dp1 (10 mg equivalent to 3.5 nmol/mouse) or TAMRA-

labelled trimeric Dp2 (8.6 mg equivalent to 3.5 nmol/mouse) subcutaneously at the ear. Exactly 24 h after

treatment, the draining lymph nodes were collected. To prepare single-cell suspensions, we incubated

the draining lymph nodes with 200 mg/mL Liberase TL (Roche Diagnostics GmbH, Mannheim, Germany)

and 10 U DNaseI (Roche Diagnostics GmbH) for 1 h at 37�C. To separate various subsets of APCs

from the collected cells, we incubated the cells with Fixable Viability Dye eFluor� 780 (eBioscience, San

Diego, CA, USA), anti-CD16/CD32 antibody (BioLegend), APC-labelled anti-mouse PDCA-1 antibody

(BioLegend), PerCP/Cy5.5-labelled anti-CD11c antibody (BioLegend), BV421-labelled anti-I-A/I-E anti-

body (BioLegend), and Alexa Fluor 700-labelled anti-mouse CD19 antibody (BioLegend). The cells were

then analyzed using flow cytometry using a Attune NxT Flow Cytometer (Thermo Fisher Scientific). The

cultured cells were classified into the following subsets: PDCA-1- I-A/I-E+ CD11chigh cDCs, PDCA-1- I-A/

I-Ehigh CD11c+ mDCs, PDCA-1- I-A/I-E+ CD11c� CD19+ B cells, and PDCA-1- I-A/I-E+ CD11c� CD19�

macrophages.

Antigen presentation on APCs in vivo

C57BL/6J mice were treated with Ea (30 mg equivalent to 18 nmol/mouse), Ea-Dp133 fusion (79 mg equiv-

alent to 18 nmol/mouse), or Ea-Dp233 fusion (72 mg equivalent to 18 nmol/mouse) subcutaneously at the

ear. On days 1, 3, and 5 after administration, draining lymph nodes were collected. To prepare single-cell

suspensions, we incubated the draining lymph nodes with 200 mg/mL Liberase TL and 10 UDNaseI for 1 h at

37�C. Ea presentation on I-Ab, which is MHC class II, was detected using biotin-labelled anti-I-Ab:Ea com-

plex-specific antibody, YAe (eBioscience), and PE-labelled streptavidin. We separated various subsets of

APCs as described above.

Binding of DC-targeting peptides to NRP-1 protein

Approximately 10 mg (equivalent to 28 pmol) of PE-labelled streptavidin was mixed with 2.8 nmol biotin-

labelled DC-targeting peptide for 1 h at 25�C. The PE-labelled streptavidin and peptide complex was pu-

rified using an ultrafiltration tube. White OptiPlate-96 (Perkin-Elmer, Norwalk, CT, USA) was coated with

10 mg/mL recombinant mouse NRP-1 protein (R&D Systems) in 0.1 M sodium carbonate buffer (pH 9.6)

overnight at 4�C. The coated plates were washed with PBS containing 0.05% Tween-20 and incubated

with PBS containing 1% BSA for 1 h at 25�C. After washing, the plates were incubated with PE-labelled

streptavidin and peptide complex for 2 h at 25�C. After washing the plates, fluorescence was measured us-

ing a multi-plate reader (DS Pharma Biomedical).

Suppression of NRP1 expression using siRNA

DC2.4 cells (4 3 104 cells) were cultured in 96-well plates for 12 h at 37�C. The cells were further incubated

with 10 mM NRP-1 siRNA (5’-ctgctacttcacagtatggta-3’) and 0.4 mL Lipofectamine 3000 reagent

(ThermoFisher) for 48 h at 37�C. Subsequently, the cells were collected and analyzed for NRP-1 expression

and Dp1 binding using flow cytometry. NRP1 expression was evaluated using Fixable Viability Dye eFluor�
780 and BV421-labelled anti-mouse CD304 (Neuropilin-1) antibody (BioLegend).

Recombinant nucleolin protein

A cDNA of murine nucleolin (GenBank accession number: X07699.1) corresponding to amino acid residues

309–644 was cloned into the pGEX-6P-2 vector (Merck Millipore). Transformed BL21 (DE3) cells were grown

at 37�C to an OD600 of 0.5. Protein expression was induced by adding 0.2 mM isopropyl-b-D-1-thiogalac-

topyranoside followed by shaking for 4 h at 37�C. After incubation, bacteria were pelleted by centrifugation
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at 8,000 3 g for 10 min; the pellet was resuspended in a buffer containing 100 mM NaCl, 5 mM imidazole,

and 20 mM Tris-HCl supplemented with protease inhibitors. The bacteria were lysed by sonication. Soluble

protein was purified from the cleared cell lysate using an AKTA explorer chromatography system with a Ni-

Sepharose HisTrap FF column and a Superose 6 Increase 10/300 GL column. Recombinant nucleolin was

quantified using a Pierce BCA protein assay kit with a BSA standard.

Binding of peptides and AS1411 to recombinant nucleolin protein

White OptiPlate-96 (Perkin-Elmer, Norwalk, Connecticut, USA) microplates were coated with 10 mg/mL re-

combinant nucleolin protein or 10 mg/mLOVA in carbonate buffer overnight at 4�C. The coated plates were

washed with PBS containing 0.05% Tween-20 and incubated with PBS containing 1% BSA for 1 h at 25�C.
After washing, 10 mg/mL of biotin-labelled Dp133 or biotin-labelled Dp233 was incubated for 1 h at 25�C,
followed by PE-labelled streptavidin for 2 h at 25�C. In the other experiment, the plates were incubated with

0.5 mM biotin-labelled AS1411 in the presence or absence of 100 mg/mL Dp133 or Dp233, then with PE-

labelled streptavidin for 2 h at 25�C. After washing the plates, fluorescence was measured using a multi-

plate reader (DS Pharma Biomedical, Osaka, Japan).

Affinity chromatography

Mouse-derived BMDCs (5 3 10⁷ cells) were lysed in 10 mM HEPES-NaOH (pH 7.9), 10 mM KCl, 0.1 mM

EDTA, 1 mM DTT, and 1% NP-40. Approximately 1 mg of HM-NeutrAvidin beads (Tamagawa Seiki, Na-

gano, Japan) were incubated with 10 mM biotin-labelled Dp1 or biotin-labelled Dp5 at 4�C for 1 h. After

centrifugation, peptide coated-HM-NeutrAvidin beads were incubated with cell lysate at 4�C for 2 h in

20 mM HEPES-NaOH (pH 7.9), 100 mM KCl, 1 mM MgCl2, 0.2 mM CaCl2, 0.2 mM EDTA, 10% glycerol,

and 1mM DTT, according to the manufacturer’s instructions. After centrifugation, bound proteins were

eluted with 0.1 M glycine-HCl (pH 2.5) and separated using SDS-PAGE. Gel fragments excised from Lumi-

tein (Biotium, Fremont, CA, USA)-stained gel of eluted fractions were subjected to LC-MS/MS at the

Central Instrumentation Laboratory, Research Institute for Microbial Diseases, Osaka University.

Expression level of cell-surface nucleolin on DCs

To examine the expression level of cell surface nucleolin on DCs, DC2.4 cells (1 3 105 cells) and mouse-

derived BMDCs (1 3 105 cells) were incubated with 0.1 mM biotin-labelled AS1411 or 0.1 mM CRO, and

8 mg/mL PE-labelled streptavidin was added to detect AS1411 or CRO binding to cells at 4�C for

30 min. After washing with PBS containing 1% BSA, the cells were analyzed using flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses

Statistical analyses were performed using Prism software (GraphPad Software, San Diego, CA, USA). All

data are presented as the mean G standard deviation (SD). Significant differences were determined using

Tukey’s test or Student’s t-test. Significant differences in survival rates were obtained by comparing the

Kaplan–Meier curves using the log-rank test. Statistical significance was set at p< 0.05.
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