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C A N C E R

Multiepitope supramolecular peptide nanofibers 
eliciting coordinated humoral and cellular antitumor 
immune responses
Yaoying Wu1, Hanning Wen1, Zachary J. Bernstein1, Kelly M. Hainline1, Tykia S. Blakney1,  
Kendra L. Congdon2, David J. Snyder2, John H. Sampson2, Luis Sanchez-Perez2, Joel H. Collier1*

Subunit vaccines inducing antibodies against tumor-specific antigens have yet to be clinically successful. Here, 
we use a supramolecular -helical peptide nanofiber approach to design epitope-specific vaccines raising simul-
taneous B cell, CD8+ T cell, and CD4+ T cell responses against combinations of selected epitopes and show that the 
concurrent induction of these responses generates strong antitumor effects in mice, with significant improvements 
over antibody or CD8+ T cell–based vaccines alone, in both prophylactic and therapeutic subcutaneous melanoma 
models. Nanofiber vaccine–induced antibodies mediated in vitro tumoricidal antibody-dependent cellular cyto-
toxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP). The addition of immune checkpoint and 
phagocytosis checkpoint blockade antibodies further improved the therapeutic effect of the nanofiber vaccines 
against murine melanoma. These findings highlight the potential clinical benefit of vaccine-induced antibody 
responses for tumor treatments, provided that they are accompanied by simultaneous CD8+ and CD4+ responses, 
and they illustrate a multiepitope cancer vaccine design approach using supramolecular nanomaterials.

INTRODUCTION
Tumor-specific antibodies produced either endogenously or exoge-
nously are promising anticancer therapeutics, but their efficacy has 
been limited when used in isolation. High levels of endogenous tumor- 
specific antibody responses are associated with favorable prognoses 
in cancer patients (1–5), promoting tumor cell killing in part by 
natural killer (NK) cells via antibody-dependent cellular cytotoxicity 
(ADCC) (6). Monoclonal antibodies (mAbs) against tumor-associated 
antigens (TAAs), including epidermal growth factor receptor (EGFR) 
(7) and HER2 receptors (8), have been developed to induce this 
antibody-mediated tumor cell killing. In addition to mediating ADCC 
and antibody-dependent cellular phagocytosis (ADCP), TAA-specific 
antibodies can facilitate T cell immunity by improving the presenta-
tion of additional antigens and reprogramming the tumor micro-
environment via the elicitation of inflammatory chemokines and 
cytokines (9–11). Further, the combination of TAA-specific antibody 
therapies with additional treatment modalities has shown promise; 
for example, a combined immunotherapy consisting of a CD8+ T cell 
vaccine, Interleukin-2 (IL-2), and anti–programmed death ligand 1 
(aPD-L1) was shown to be capable of eliminating large tumor bur-
dens in mice (9). Notably, the therapeutic efficacy was significantly 
diminished when the TAA-specific mAbs were eliminated from the 
combination therapy, suggesting a synergy between CD8+ T cells and 
the tumor-specific antibodies. Nevertheless, mAb therapies continue 
to be limited by antidrug immune responses, high cost, and associated 
toxicity (12–14).

Peptide-based cancer vaccines aiming to generate tumor-specific 
CD8+ T cells that ultimately lead to tumor lysis (15) have seen dra-
matic improvements in recent years (16–19). Contrastingly, humoral 
vaccines that raise antibodies against tumor surface antigens, such 

as the tumor-specific EGFR variant III (EGFRvIII), have thus far 
shown little long-term survival benefit in clinical trials (20, 21). The 
poor clinical responses to humoral cancer vaccines have been attributed 
in part to immunological escape by tumor cells via reduced target 
expression (22–24). Similar adaptive resistance has also been observed 
in other single-target treatments (25–28). These limitations highlight 
an urgent need to design combination immunotherapies capable of 
generating therapeutic responses complimentary to antibodies to 
minimize the potential for immunological escape. Considering the 
demonstrated therapeutic synergy between TAA-specific mAbs and 
CD8+ T cell vaccines (9), we envision that a peptide vaccine stimulating 
simultaneous CD8+ T cell responses and antibody responses against 
multiple different selected tumor antigens could be advantageous.

B cell peptide antigens are often poorly immunogenic and thus 
need to be conjugated onto delivery platforms to induce humoral 
responses (29). However, conventional carrier systems have limited 
ability for combining multiple different peptide epitopes and adjust-
ing the relative amounts of each. We recently developed a peptide 
nanofiber vaccine platform based on the 29-mer -helical self- 
assembling peptide Coil29 (QARILEADAEILRAYARILEAHAEILRAD) 
(Fig. 1A) and demonstrated its ability to elicit peptide epitope–specific 
humoral responses with antibody titers and affinities superior to 
other adjuvants including Alum, Sigma Adjuvant System (SAS), and 
Complete Freund’s Adjuvant (CFA) (30, 31). In addition, Coil29 
nanofibers bearing model CD8+ T cell epitopes have been shown 
to generate antigen-specific CD8+ T cell responses comparable to 
peptide/CFA emulsions (30). The Coil29 platform can carry a wide 
range of peptide antigens via peptide N-terminal modifications while 
retaining the ability to self-assemble into -helical nanofibers (30–32). 
The modularity of this self-assembling system enables the facile si-
multaneous delivery of multiple peptide antigens by co-assembling 
multiple epitope-carrying peptides into a single nanofiber. For these 
reasons, Coil29 is a useful platform for delivering both B cell and 
T cell peptide epitopes to elicit simultaneous humoral and cellular 
immune responses.
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In the present work, a multiepitope antitumor vaccine was in-
vestigated by co-assembling Coil29 peptides carrying PEPvIII 
(LEEKKGNYVVTDH), a B cell peptide epitope against EGFRvIII 
receptors (20, 33), and Trp2 (SVYDFFVWL), a melanoma-associated 
CD8+ T cell peptide antigen (34). Although the Coil29 assembly 
domain already contains identified CD4+ T cell epitopes (31), to 
provide additional tumor-specific CD4+ T cell help for enhancing 
humoral and cellular immune responses (35–37), we additionally 
incorporated the tetanus toxoid CD4+ T cell epitope (Td) (38) 
(FNNFTVSFWLRVPKVSASHLE) into the co-assembled Coil29 
nanofibers. Epitope-bearing Coil29 nanofibers elicited PEPvIII- specific 

antibodies and Trp2-specific CD8+ T cell responses, with help from 
platform-directed CD4+ T cell responses, collectively enhancing 
tumor rejection in both prophylactic and therapeutic EGFRvIII- 
expressing melanoma models. Therapeutic efficacy could be en-
hanced further by combination with immune checkpoint (aPD-L1) 
(39) and phagocytosis checkpoint (aCD47) (40, 41) blockade anti-
bodies. This study offers a strategy for enhancing the antitumor 
functions of vaccine-induced antibodies, generates insight into the 
therapeutic synergy between humoral and cellular antitumor re-
sponses, and provides a supramolecular design strategy for combi-
nation cancer vaccines.

Fig. 1. Co-assembled Coil29 peptides exhibit fibril morphologies and deliver both B cell and T cell peptide epitopes simultaneously. (A) Schematics of -helical 
Coil29 nanofiber carrying multiple epitopes, drawn using Protein Data Bank (PDB) structures for Coil29 (PDB ID 3J89). Left, side view; right, axial view. (B) All assemblies 
exhibited similar -helical secondary structures by CD, consistent with unmodified Coil29. (C) Multiepitope Coil29 nanofibers exhibited fibrillar morphologies similar to 
unmodified Coil29 by TEM. Scale bar, 100 nm. (D) Representative immunogold-labeled TEM images indicate that co-assembled nanofibers presented both Trp2 (5 nm) 
and PEPvIII (10 nm) epitopes Scale bar, 100 nm. Five-nanometer particles (PEPvIII labeling) are false-colored red, and 10-nm particles (Trp2 labeling) are false-colored blue 
for clarity. (E) Uptake of assembled fluorophore-labeled peptides (TAMRA-PEPvIII-Coil29 and Alexa Fluor 750–Trp2–Coil29) by CD19+ B cells 4 hours after intraperitoneal 
administration of either single fluorophore-labeled nanofibers (PE or Alexa Fluor 750) or two fluorophore-labeled co-assembled nanofibers (PE/Alexa Fluor 750) confirmed 
co-assembly between Trp2-Coil29 and PEPvIII-Coil29 peptides. Left, representative flow histograms; right, percentage of B cells internalizing either or both fluorophores 
among the fluorophore-positive B cells. (****P < 0.0001 by 2 test, N = 3).
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RESULTS
Co-assembled peptide nanofibers deliver multiple 
epitopes simultaneously
We first synthesized and purified epitope-bearing Coil29 peptides, 
including PEPvIII-Coil29 (B cell epitope), Trp2-Coil29 (CD8+ T cell 
epitope), and Td-Coil29 (CD4+ T cell epitope) (table S1) and exam-
ined their co-assembly behavior. To investigate the role of humoral 
and cellular immune responses in vivo, we co-assembled epitope- 
bearing peptides in phosphate-buffered saline (PBS) at the indicated 
molar ratio to yield Coil29 nanofibers carrying B cell epitopes [P/
Td-fiber (PEPvIII-Coil29:Td-Coil29:Coil29 = 1:1:1)], CD8+ T cell 
epitopes [Tr/Td-fiber (Trp2-Coil29:Td-Coil29:Coil29 = 1:1:1)], or 
both B cell and CD8+ T cell epitopes [P/Tr/Td-fiber (PEPvIII-
Coil29:Trp2-Coil29:Td-Coil29 = 1:1:1)] (Fig. 1A). By transmission 
electron microscopy (TEM) imaging, the morphologies of the 
multiepitope nanofibers resembled unmodified Coil29 nanofibers 
(Fig. 1B), and circular dichroism (CD) further verified that the 
-helical secondary structure was preserved across all four formulations, 
as evidenced by the double absorbance minima at 208 and 222 nm 
(Fig. 1C). Consistent with previous findings (30, 31), Coil29 nanofibers 
were capable of being appended with the various peptide epitopes 
while maintaining their morphology and secondary structure.

To confirm the assembly and presentation of Trp2 and PEPvIII 
epitopes along the Coil29 nanofibers, we visualized them using 
immunogold labeling and TEM. PEPvIII-Coil29 and Trp2-Coil29 
were functionalized with azodibenzocyclooctyne (DBCO) and bio-
tin, respectively, and visualized with gold nanoparticles functional-
ized with azide (5 nm) or streptavidin (10 nm) (Fig. 1D and fig. S1) 
(42). The co-assembled P/Tr/Td-fibers bound both nanoparticles, 
whereas P/Td-fiber primarily bound cognate 5-nm gold particles 
and Tr/Td-fibers primarily bound cognate 10-nm nanoparticles, 
although low levels of off-target background staining common to 
this technique were also observed (43). To determine whether P/Tr/
Td-fibers were co-assembled, rather than being a mixture of P/
Td-fiber and Tr/Td-fiber, we measured the in vivo cellular uptake 
of fluorophore-labeled nanofibers, where PEPvIII-Coil29 peptides 
were labeled with TAMRA and Trp2-Coil29 peptides were labeled 
with Alexa Fluor 750. Mice were intraperitoneally administered 
either a mixture of P/Td-fiber and Tr/Td-fiber or the co-assembled 
P/Tr/Td-fiber, with P/Td-fiber and Tr/Td-fiber alone as controls. 
Peritoneal lavage fluid was collected 4 hours later, and labeled nano-
fiber uptake was evaluated (Fig. 1E and fig. S2). Among antigen- 
fluorophore–positive cells, 35.3% of nanofiber-internalized CD19+ B cells 
took up both fluorophores when P/Tr/Td-fibers were administered. 
However, when P/Td-fibers and Tr/Td-fibers were delivered separately, 
only 9.9% CD19+ B cells were positive for both fluorophores, and most 
cells only internalized either P/Td-fibers (54.3%) or Tr/Td-fibers 
(35.8%). Administration of nanofibers labeled only with either P/
Td-fibers (TAMRA) or Tr/Td-fibers (Alexa Fluor 750) yielded single- 
color positive B cells as expected. It is worth noting that we focus on 
CD19+ B cells for our analysis here because nanofibers were pre-
dominantly taken up by CD19+ B cells in the mouse peritoneal cavity, 
whereas F4/80+ macrophages and CD11c+MHCII+ dendritic cells (DCs) 
internalized smaller percentages of fluorophore- labeled nanofibers at 
this site (fig. S2). This uptake experiment corroborated the nanogold- 
labeled TEM images and further suggested that a significant propor-
tion of P/Tr/Td-fibers carried both B cell and CD8+ T cell epitopes.

We next assessed whether CD4+ and CD8+ T cell epitopes can be 
efficiently processed when delivered by co-assembled nanofibers 

using DOBW (44) and B3Z (18) assays (fig. S3). We synthesized a 
SIINFEKL-Coil29 peptide bearing the CD8+ T cell epitope OVA257–264 
and an OVA323–339-Coil29 peptide and formulated single-epitope 
nanofibers and co-assembled SIINFEKL/OVA323–339-fibers. Bone 
marrow–derived DCs (BMDCs) were incubated with nanofibers at 
various epitope concentrations (0.03 to 31.2 nM) for 4 hours, after 
which reporter hybridoma cell lines were applied to detect the epi-
tope presentation levels. For both CD8+ epitope presentation (B3Z) 
and CD4+ epitope presentation (DOBW), co-assembled nanofibers 
(SIINFEKL/OVA323–339-fiber) exhibited a similar, if not better, ability 
to mediate antigen presentation as compared to single epitope- 
carrying nanofibers (SIINFEKL-fiber or OVA323–339-fiber) in the 
peptide concentration range tested. In addition, all nanofibers were 
more effective in mediating antigen presentation than nonassembled 
soluble peptides alone. This demonstrated that CD4+ and CD8+ 
T cell epitopes delivered by co-assembled nanofibers could be effi-
ciently internalized and presented by DCs.

Co-assembled P/Tr/Td-fibers generate strong 
humoral responses
We have previously demonstrated that nanofiber vaccines carrying 
both B cell epitopes and CD4+ T cell epitopes can induce strong 
antigen-specific humoral responses (31). To examine whether the 
added CD8+ T cell epitope influenced immunogenicity, we moni-
tored the long-term PEPvIII-specific immunoglobulin G (IgG) titers 
in C57BL/6 mice after receiving three immunizations (weeks 0, 2, 
and 4) with P/Td-fibers or P/Tr/Td-fibers (Fig. 2A). For comparison, 
we also immunized mice with CFA emulsions containing all three 
peptide epitopes (PEPvIII, Trp2, and Td). We selected CFA owing 
to its strong immunostimulatory properties, although CFA is not 
acceptable for use in humans (45). Immunization with nanofibers 
alone typically yields T helper 2 (TH2)–biased IgG responses (30, 35), 
so to generate TH1-biased humoral responses for antitumor efficacy, 
we additionally used CpG, a Toll-like receptor 9 (TLR9) agonist 
(46–48), as an adjuvant in all nanofiber formulations described here-
after. Both P/Td-fibers and P/Tr/Td-fibers stimulated strong and 
durable PEPvIII-specific IgG responses over 21 weeks, with a peak 
log10 titer of 3.75 for P/Tr/Td-fiber and 3.25 for P/Td-fiber on week 7 
(Fig. 2A). Responses elicited by P/Td-fibers waned slightly over 
time and decreased to an average titer of 2.5 by week 21, but the IgG 
log10 titers of mice receiving P/Tr/Td-fiber immunizations were 
comparatively stable. The differences between the two nanofibers 
were not statistically significant, indicating that the incorporation 
of Trp2 epitopes in P/Tr/Td-fiber did not impair its ability to stimulate 
PEPvIII-specific IgG responses. The addition of CpG adjuvant also 
increased IgG2b responses, suggesting a skewing toward TH1-biased 
humoral responses against nanofibers (fig. S4). CFA emulsions raised 
poor IgG antibodies against PEPvIII peptides, with a peak average 
titer of 1.75 on week 5 and antibody concentration declining to near 
baseline by 15 weeks. To evaluate humoral immune memory in 
immunized mice, one additional vaccination was given on week 22. 
IgG concentrations were significantly elevated in all three groups 
7 days later, with P/Tr/Td-fiber group yielding the highest log10 titers 
of 4.75. The rapid recall responses suggested anti-PEPvIII humoral 
memory in all three immunization groups. To examine the specificity 
of the elicited IgG antibodies, we pooled sera collected between 
week 5 and week 10 from mice in Fig. 2A, applied them to either 
B16vIII (EGFRvIII-expressing B16F10 cells) or B16F10 (negative 
control cells) for 30 min, and then stained the sera-treated cells with 
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fluorescein isothiocyanate (FITC)–anti-IgG antibodies (Fig. 2B). In 
total, 95.4% of P/Tr/Td-fiber sera-treated B16vIII cells and 91.1% of 
P/Td-fiber sera-treated B16vIII cells were IgG positive, but less than 
1% of B16F10 cells were decorated with IgG from any group, sug-
gesting that specific EGFRvIII-binding antibodies had been raised. 
In contrast, CFA-adjuvanted peptides did not raise a significant 
amount of IgG antibodies binding either B16vIII or B16F10 cells. 
Therefore, compared to CFA emulsions, both P/Tr/Td-fibers and 
P/Td-fibers were more efficient in generating IgG responses against 
the peptide antigen, PEPvIII, with P/Tr/Td-fibers eliciting slightly 
higher titers of IgG responses.

With nanofibers generating higher log10 titers of antibodies than 
CFA emulsions, we hypothesized that the nanofiber vaccine could 
induce strong germinal center (GC) responses (49). To test this hy-
pothesis, we harvested draining lymph nodes 7 days after the second 
immunizations and analyzed GC B cell frequencies (CD45+CD19+ 
GL7+Fas+). Both P/Td-fibers and P/Tr/Td-fibers stimulated similar 
levels of GC B cells, 1.68% and 1.72%, respectively, among all B cells 
(Fig. 2C). In comparison, CFA immunization yielded significantly 
lower frequencies of GC B cells, only 0.90% among all B cells 
(P < 0.01). The difference in GC responses elicited by the three groups 
is consistent with the long-term antibody responses discussed above. 
Seeking to understand the difference in humoral immunogenicity 
between nanofibers and CFA emulsions, we further examined fol-
licular T helper (TFH) cell frequency elicited by nanofiber vaccines 
owing to the critical role of TFH cells in humoral immune responses 

(50). All three vaccines generated comparable levels of TFH cell re-
sponses (CD4+CD44+PD-1+CXCR5+) 7 days after second immuni-
zations (Fig. 2D). P/Td-fiber group showed the highest frequencies 
of TFH, 3.73% among antigen expressing CD4+ T cells (CD4+CD44+). 
A slightly lower average frequency of TFH cells was found in P/Tr/
Td-fiber (2.20%) and CFA groups (2.38%). Collectively, these data 
demonstrated that P/Tr/Td-fiber and P/Td-fibers stimulated superior 
GC responses and comparable levels of TFH cell responses when com-
pared to CFA emulsions.

Multiepitope nanofibers stimulate strong T cell responses
We next sought to examine the ability of P/Tr/Td-fibers to generate 
antigen-specific cellular responses using enzyme-linked immuno-
spot (ELISPOT). C57BL/6 mice were immunized twice on weeks 0 
and 2 with either CpG-adjuvanted nanofibers (Tr/Td-fiber or P/Tr/
Td-fiber) or CFA emulsions. PBS was administered as a sham 
immunization. Splenocytes were harvested from mice 7 days after 
the second immunization to detect antigen-specific interferon- 
(IFN)–secreting T cells using ELISPOT assays. When stimulated 
with Trp2 peptides, the CD8+ T cell epitope, all three groups showed 
equivalent levels of T cell responses, about 10 spot-forming cells 
(SFCs) per 0.25 M splenocytes (Fig. 3A). Similarly, stimulation with 
Td peptides, the CD4+ T cell epitopes, yielded a comparable level of 
IFN-specific T cell responses among the three treatment groups 
(Fig. 3B). In addition, the P/Td-fibers exhibited a similar ability to 
stimulate Td-specific CD4+ T cell responses (fig. S5). We also sampled 

Fig. 2. Multiepitope nanofibers generate strong antigen-specific humoral responses with high frequencies of GC B cells and TFH cells. (A) P/Tr/Td-fiber and 
P/Td-fiber both generated long-lasting PEPvIII-specific IgG responses after three subcutaneous immunizations, and humoral memory could be recalled after immuniza-
tion on week 22. Dashed line represents limit of detection (LOD). Asterisks indicate statistical significance compared to peptide/CFA emulsion group, calculated through 
multiple comparison by two-way ANOVA with Tukey test, N = 4 (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). (B) IgG antibodies in sera from mice immunized 
with nanofibers efficiently bind to EGFRvIII receptors on B16vIII cells (sera pooled from week 5 to week 10). Groups not sharing letters are statistically different (P < 0.0001, 
by multiple comparison through two-way ANOVA with Tukey test, N = 3). (C) Frequencies of GC B cells (FVD-CD45+CD19+GL7+Fas+) in draining lymph nodes 7 days after 
the second subcutaneous immunization. Asterisks stand for statistical significances by multiple comparison calculated using one-way ANOVA with Tukey test, N = 5. Left, 
representative flow histograms; right, data summary. (D) Frequencies of GC TFH cells (FVD-CD3e+CD4+CD44+CXCR5+PD-1+) in draining lymph nodes 7 days after second 
immunizations. Statistical difference was determined by multiple comparison using one-way ANOVA with Tukey test. N = 5, P = 0.0033. Left, representative flow histo-
grams; right, data summary.
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peripheral blood mononuclear cells (PBMCs) for Trp2-specific CD8+ 
T cells (FVD−CD3+CD8+Trp2 tetramer+) after mice received immuni-
zations with either nanofibers or CFA emulsion to assess the mag-
nitude and kinetics of the induced cellular responses. The frequency 
of Trp2+CD8+ T cells among CD8+ T cells in the three groups (CFA, 
Tr/Td-fiber, and P/Tr/Td-fiber) was indistinguishable over time, with 
the highest percentage of around 5% reached on week 5 after receiving 
three immunizations for all three groups (Fig. 3C). The Trp2+CD8+ 
T cell frequency slowly waned after week 5, as most effector CD8+ 
T cells are short-lived (51). This suggests that neither nanofibers nor 
CFA emulsions were effective at providing sustained stimulations 
for T cell activity against the Trp2 peptide antigens. Together, nano-
fiber vaccines, both P/Tr/Td-fiber and Tr/Td-fiber, showed similar 
abilities to generate antigen-specific CD8+ and CD4+ T cell responses 
that were as strong as those raised by CFA emulsions.

Immunizations with P/Tr/Td-fibers significantly hindered 
tumor growth
Having confirmed the immunogenicity of co-assembled nanofibers, 
we next examined the protective effects of vaccine-induced humoral 
and cellular immunity in a prophylactic B16vIII tumor model (Fig. 4). 
We first established antitumor immunity by vaccinating mice with 
nanofibers (P/Tr/Td-fiber, P/Td-fiber, or Tr/Td-fiber) or CFA 
emulsions. Unmodified Coil29 nanofibers were also included to test 
for any immunogenicity of nanofibers lacking TAAs. The levels of 
PEPvIII-specific IgG responses after three immunizations were con-
sistent with previous findings, with both P/Tr/Td-fibers and P/Td- 
fibers stimulating higher titers of antibodies than CFA emulsions 
(Fig. 4B). P/Tr/Td-fibers also stimulated similar frequencies of 
Trp2-specific CD8+ T cell responses (1.28%), as compared to CFA 
emulsions (1.65%) and Tr/Td-fibers (0.87%) (Fig. 4C). With elicited 
immune responses confirmed, we challenged the immunized mice 
with 1 × 105 EGFRvIII-expressing B16vIII cells subcutaneously 2 weeks 

after final immunizations (Fig. 4, D to F). Tumor growth was sig-
nificantly delayed in mice immunized with P/Tr/Td-fibers, and 
P/Tr/Td-fiber immunizations improved overall survival, with 1 of 
10 mice showing complete rejection (Fig. 4F). Prophylactically ad-
ministered P/Td-fibers also exhibited a slight antitumor effect, sug-
gesting that vaccine-induced antibodies can contribute to some tumor 
inhibition, although with less efficacy without the simultaneous T cell 
responses evoked by the full P/Tr/Td-fiber formulation. Although 
the CFA group exhibited low anti-PEPvIII titers, CFA emulsions 
also provided significant protection against the tumor challenge, 
possibly due to its ability to raise strong CD8+ T cell responses. Con-
versely, with only low frequencies of Trp2+CD8+ T cell responses, 
mice immunized with Tr/Td-fibers were unable to delay tumor growth. 
Individually, vaccine-induced antitumor cellular and humoral 
responses both demonstrated a protective benefit against tumor 
challenge, but efficacy was significantly improved when the two 
responses were simultaneously raised by the co-assembled P/Tr/
Td-fibers.

Vaccination with P/Tr/Td-fibers was efficacious in a  
B16vIII tumor model
To examine the therapeutic efficacy of the P/Tr/Td-fiber vaccines, 
we treated B16vIII tumor–bearing mice with either nanofiber vaccines 
(P/Td-fiber, Tr/Td-fiber, or P/Tr/Td-fiber) or CFA vaccines 1 day after 
tumor inoculation (Fig. 5). Consistent with the prophylactic model, 
P/Tr/Td-fibers were able to significantly delay the tumor growth, 
while all other nanofiber formulations exhibited little therapeutic 
benefit. CFA emulsions also showed a slight therapeutic benefit 
in tumor growth and survival, possibly benefiting from the strong 
CD8+ T cell responses. These data confirmed that the CD8+ T cell 
and antibody responses alone were not effective in tumor treatment, 
but the therapeutic efficacy could be significantly improved when both 
cellular and humoral immunity were raised by co-assembled nanofibers.

Fig. 3. Multiepitope nanofibers generate strong cellular responses against Trp2 and Td epitopes. Mice were subcutaneously immunized with indicated formula-
tions on days 0 and 14, and splenocytes from immunized mice were harvested for IFN-specific ELISPOT. Both P/Tr/Td-fiber and Tr/Td-fiber generated strong IFN- 
secreting cellular responses upon stimulation with Trp2 peptides (A) and Td peptides (B) (*P < 0.05, **P < 0.01, and ****P < 0.0001, multiple comparison by one-way 
ANOVA with Dunnett test, as compared to PBS group, N = 10). (C) Mice were immunized with indicated formulations on days 0, 14, and 28. PBMCs from immunized mice 
were sampled on days 7, 21, 35, and 56 for the presence of Trp2-specific CD8+ T cells. Left, flow histograms; right, data summary. No statistical differences were found 
between different immunization groups. (****P < 0.0001 between day 35 and all other days within each immunization group by multiple comparison using two-way 
ANOVA with Tukey test, N = 5).
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Combination with checkpoint blockade further improved 
nanofiber vaccine treatment efficacy
Although fully co-assembled nanofiber vaccines reduced tumor 
growth, we reasoned that the suppressive tumor microenvironment 
(52) may have limited the efficacy of P/Tr/Td-fiber vaccines. There-
fore, we explored the combination of aCD47 blockade antibodies 
and aPD-L1 blockade antibodies to further improve the therapeutic 
efficacy of P/Tr/Td-fibers. The PD-L1 ligand plays a pivotal role in 
tumor inhibition of T cell responses, and aPD-L1 antibodies can block 
tumor immune resistance and enhance T cell antitumor activity 
(39). The CD47–signal regulatory protein  (SIRP) interaction is a 
tumor phagocytosis checkpoint, and blockade of overexpressed CD47 
receptors on tumor cells has been previously shown to enhance 

both ADCC by NK cells and ADCP by macrophages (40, 41, 53–55). 
The therapeutic efficacy of aCD47 antibodies can be further enhanced 
when coadministered with TAA-specific mAbs (53, 54, 56, 57). 
Here, we speculated that combining aCD47 with Coil29 nanofiber 
vaccines may enhance the therapeutic effect of elicited anti-PEPvIII 
IgG antibodies. We first examined whether vaccine-induced anti- 
PEPvIII humoral responses could mediate ADCC activity using flow 
cytometry (58). We cocultured splenocyte-derived NK cells (fig. S6) 
and carboxyfluorescein diacetate succinimidyl ester (CFSE)–
labeled B16vIII cells in the presence of the sera from mice immunized 
either with P/Td-fibers at various dilutions or with PBS-immunized 
mouse sera at an effector cell:target cell (E:T) ratio of 1:1 (fig. S7). 
The anti-B16vIII activities showed sera concentration dependence, 

Fig. 4. B16vIII tumor growth was significantly inhibited in mice with vaccine-induced humoral and cellular antitumor immunity stimulated by multiepitope 
nanofibers. (A) C57BL/6 mice received three subcutaneous immunizations (black arrows) and subsequently received 1 × 105 B16vIII tumor cells subcutaneously on the 
flank 14 days after final immunizations. PEPvIII-specific IgG titers in sera were monitored 1 week after each vaccination. (B) Both P/Tr/Td-fiber and P/Td-fibers stimulated 
strong PEPvIII-specific IgG responses after three immunizations (**P < 0.001 and ****P < 0.0001 by multiple comparison via two-way ANOVA with Tukey test, N = 10). (C) 
Both P/Tr/Td-fiber and Tr/Td-fiber and peptides/CFA emulsion group stimulated significant level of Trp2-specific CD8+ T cells on week 5 (*P < 0.05 and **P < 0.01 by mul-
tiple comparison using one-way ANOVA with Tukey test, N = 10). P/Tr/Td-fiber prophylactic immunization inhibited B16vIII tumor growth (D) and improved overall 
survival challenges (F). (D) Tumor growth measured over time (*P < 0.05, ***P < 0.001, and ****P < 0.0001, two-way ANOVA with Tukey test, N = 10). (E) Individual 
tumor growth curves. (F) Overall survival of tumor-bearing mice and median survival (*P < 0.05 and ****P < 0.0001 compared to P/Tr/Td-fiber group by log-rank test, 
N = 10).
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and no cell lysis was observed when tumor cells were incubated 
with PBS sera. In addition, only low levels of cytotoxicity were re-
corded when B16F10 cells were used as target in the same assays. 
This confirmed that anti-PEPvIII antibodies could induce EGFRvIII 
receptor–specific ADCC activities against B16vIII cells. To deter-
mine whether aCD47 antibodies could enhance the observed ADCC 
activities, we cocultured B16vIII and NK cells in the presence of 
sera from mice immunized with P/Td-fibers, P/Tr/Td-fibers, CFA, 
or PBS, with the addition of either aCD47 antibodies or isotype 
controls (Fig. 6A and fig. S8). Sera from all three immunization 
groups mediated tumor lysis by NK cells without aCD47 antibodies. 
Moreover, 32.1 and 33.6% of tumor cells were killed by NK cells 
when incubated with sera from P/Td-fiber group and P/Tr/Td-fiber 
group, respectively, higher than 22.2% in the CFA group. The 
difference is likely caused by the significantly higher concentration 
of PEPvIII-specific IgG antibodies elicited by nanofiber vaccines. 
When compared with the isotype corresponding group, the addi-
tion of aCD47 antibodies significantly elevated the ADCC activities 
for both the P/Td-fiber (38.5%, P = 0.0067) and P/Tr/Td-fiber 
groups (40.0%, P < 0.0001), suggesting that aCD47 can potentially 
enhance the antitumor ADCC activities induced by nanofiber 
vaccines. The CFA group also had a comparable fold change (fig. 
S11A). It is worth noting that aCD47 antibodies alone can mediate 
ADCC cell killing, consistent with previous reports (54), which 
could partly contribute to the enhancement by aCD47 observed in 
the PBS groups. Because of the low baseline level of ADCC activity 
in the PBS group when treated with isotype controls, the addition of 
aCD47 yielded significantly higher fold change in the PBS group 
(fig. S11A).

To examine serum antibody–mediated ADCP activity, bone 
marrow–derived macrophages (BMDMs) were labeled with cell-trace 
far red and seeded in a nontreated 96-well plate before cocultured 
with sera-treated CFSE-labeled B16vIII cells in an E:T ratio of 2:1 
with or without aCD47 (Fig. 6B and figs. S9 and S11B). CFSE+F4/80+ 
cells were defined as macrophages that phagocytosed B16vIII target 
cells, and the percentage of CFSE+ macrophages is defined as ADCP 
activity (59). Without the addition of aCD47, only sera from the P/
Td-fiber group mediated a statistically significant increase of ADCP 
(5.22%) when compared to the PBS-treated group (3.52%). The ad-
dition of aCD47 antibodies significantly enhanced ADCP activities, 
roughly a twofold change in the P/Td-fiber group and a 2.5-fold 
change in the P/Tr/Td-fiber group, as compared to the isotype con-
trols (fig. S11B). A smaller boost by aCD47 was also observed in the 
CFA group, but no significant ADCP activity was induced by aCD47 
alone. Moreover, vaccine-induced sera antibodies mediated signifi-
cantly higher ADCP activities against B16vIII than against B16F10, 
suggesting that antibody binding to EGFRvIII receptors is import-
ant for the observed ADCP activity by BMDM (fig. S10). Therefore, 
aCD47 antibodies improved both ADCC and ADCP against B16vIII 
cells, mediated by EGFRvIII-specific antibodies elicited by nano-
fiber vaccines.

We lastly evaluated the therapeutic effect of aPD-L1 on the cel-
lular cytotoxicity mediated by vaccine-induced T cells (Fig. 6C and 
fig. S11C). We isolated splenocytes from vaccine-immunized mice 
and cocultured them with CFSE-labeled B16vIII cells at an E:T ratio 
of 10:1 for 20 hours. The resulting B16vIII cell viabilities are defined 
as cytotoxic T lymphocyte (CTL) activity. The addition of aPD-L1 
antibodies led to about a twofold increase in cellular toxicity for all 

Fig. 5. Multiepitope nanofiber vaccine inhibited the growth of established B16vIII tumors. (A) C57BL/6 mice were inoculated on the flank subcutaneously with 
1 × 105 B16vIII tumor cells and then treated with indicated nanofiber formulations on days 1 and 14. (B) Tumor growth was measured over time (*P < 0.05, ***P < 0.001, 
and ****P < 0.0001, multiple comparison by two-way ANOVA with Tukey test, N = 10). (C) Individual tumor growth curves. (D) Overall survival of tumor-bearing mice and 
median survival (**P < 0.01 and ***P < 0.001 compared to P/Tr/Td-fiber group by log-rank test, N = 10).



Wu et al., Sci. Adv. 8, eabm7833 (2022)     20 July 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 14

three immunization groups, but no activity enhancement was ob-
served for the PBS group or isotype control (fig. S11C). This con-
firms that vaccination can induce cytotoxic T cell responses and that 
aPD-L1 antibodies can significantly enhance the cellular toxicity 
mediated by these T cells.

Because aCD47 and aPD-L1 antibodies improved therapeutic 
effects in vitro, we then sought to further improve the therapeutic 
effect of P/Tr/Td-fiber vaccine by coadministering the combination 
blockade antibodies (aPD-L1 and aCD47). We treated B16vIII 
tumor–bearing mice with P/Tr/Td-fiber vaccines and blockade 
antibodies at predetermined time points (Fig. 7A). As expected, the 
vaccine/blockade antibodies combination generated therapeutic 
synergy and significantly improved tumor inhibition and long-term 
survival over the blockade antibodies group and P/Tr/Td-fiber vac-
cine alone group (Fig. 7, B to D). This result confirms that blockade 
antibodies can further improve a vaccine-induced therapeutic effect 
potentially by enhancing T cell–mediated cellular cytotoxicity and 
antibody-mediated cytotoxicity, namely, ADCC and ADCP.

DISCUSSION
There is mounting evidence that endogenous antitumor humoral 
responses provide substantial benefit for tumor treatment. A high 
level of antitumor antibodies is associated with positive prognosis 
in several human cancers (1–5). Comprehensive genomic sequencing 
has also indicated that the presence of NK cells and B cell isotype 
switching within the tumor microenvironment are associated with 

prolonged survival (6). However, even with seroconversion, humoral 
cancer vaccines often provide little therapeutic improvement in 
cancer patients, indicating that a combination therapy capable of 
more fully engaging immunity may be necessary to maximize the 
therapeutic effect of antibodies (21, 28). Several recent clinical trials 
demonstrated that the presence of B cells and lymphoid tertiary 
structures in tumor tissues enhanced cancer immunotherapy, sug-
gesting that a synergy between B cells and T cells can facilitate cancer 
immunotherapy (60–62). This is corroborated by a preclinical study 
where combination between TAA-specific antibodies and T cell 
vaccines generated outstanding therapeutic efficacy in established 
tumors (9). Therefore, a cancer vaccine that induces both humoral 
and cellular responses against different cancer antigens could poten-
tially realize the therapeutic potential of antibodies and be more 
effective in tumor treatment.

We previously established two modular self-assembling nano-
fiber systems, the -helical peptides used here (Coil29) and -sheet 
fibrillizing peptides (Q11). Both systems can carry multiple epitopes 
and induce CD4+ T cell help for enhanced humoral responses (30, 35). 
The modularity of this type of platform also affords flexibility for 
modifying surface chemistry to modulate immunogenicity via a 
variety of routes, including mucosally (63, 64). Moreover, unadju-
vanted Coil29 nanofibers elicit antibody responses with both higher 
concentrations and better quality, compared to several commercial 
adjuvants and Q11 nanofibers (31). Here, we exploited the immuno-
genicity and modularity of the Coil29 platform to design a multi-
epitope nanofiber cancer vaccine (P/Tr/Td-fiber) carrying CD4+ 

Fig. 6. Blockade antibodies enhanced serum antibody–mediated antitumor ADCC, ADCP, and T cell–mediated tumor lysis in vitro. (A) Anti-CD47 blockade anti-
bodies enhanced in vitro ADCC activities mediated by PEPvIII-specific sera antibodies. B16vIII cells were incubated with mouse NK cells with an E:T ratio of 1:1 in the 
presence of sera from indicated groups, in addition to aCD47 or isotype IgG2a antibodies. The percentage of dead B16vIII cells is defined as ADCC activity. (B) Anti-CD47 
blockade antibodies promoted in vitro ADCP activities mediated by PEPvIII-specific sera antibodies. B16vIII cells were incubated with BMDM with an E:T ratio of 2:1 in the 
presence of mouse sera from indicated groups and aCD47 or isotype control. The percentage of B16vIII-phagocytozed macrophages is defined as ADCP activity and was 
assessed after 5-hour incubation. (C) Anti–PD-L1 blockade antibodies improved in vitro cytotoxic responses mediated by T cells induced by vaccines. CFSE-labeled B16vIII 
cells were cocultured with splenocytes from immunized mice in Fig. 3A with an E:T ratio of 10:1 in the presence of aPD-L1 or IgG2b isotype control. The viability of B16vIII 
was assessed after 20-hour incubation as CTL activity [*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 determined within either isotype control or blockade antibody 
group, by multiple comparison using one-way ANOVA with Tukey test; #P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001 between blockade antibody and isotype 
groups within each corresponding serum group by multiple comparison using two-way ANOVA with Bonferroni test; for (A) and (B), N = 4; for (C), N = 10].
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T cell epitopes, CD8+ T cell epitopes, and B cell epitopes to induce 
antitumor humoral and cellular responses. Consistent with previous 
findings, the co-assembled Coil29 nanofibers carry all three differ-
ent epitopes (Fig. 1) and stimulate strong antigen-specific antitumor 
humoral responses (Fig. 2A) along with CD4+ and CD8+ T cell re-
sponses (Fig.  3). In comparison, despite the strong adjuvanticity, 
the CFA/peptide emulsion was only effective in inducing T cell re-
sponses and produced antibodies with considerably lower titers 
compared to nanofiber vaccines. By comparison, Coil29 nanofibers 
were much more capable of raising simultaneous responses against 
multiple different peptide epitopes.

A key advantage of tumor antigen-specific antibody responses is 
the ability to leverage innate immunity for cancer treatment (12), 
whereas typical CD8+ T cell vaccines primarily rely on adaptive 
immunity. We found that P/Tr/Td-fiber vaccines induced IgG anti-
bodies binding specifically to EGFRvIII, a tumor-associated receptor 
(Fig. 2B), and in turn, this mediated effective in vitro tumoricidal 
ADCC and ADCP responses (Fig.  6,  A  and  B), confirming that 
nanofiber vaccines induce functional antibody responses and can 
engage NK cells and macrophages to inhibit tumor growth. More-
over, we also found that cellular responses elicited by Coil29 nano-
fibers were as effective as those induced by CFA emulsions in a CTL 
assay (Fig. 6C). The vaccine-induced multifaceted responses allowed 
for the engagement of both adaptive immunity and innate immunity 
and exhibited therapeutic enhancement in both prophylactic and 

therapeutic models, over either humoral or cellular responses alone 
(Figs. 4 and 5). In addition, the P/Tr/Td-fiber vaccine showed greater 
therapeutic efficacy than CFA emulsions, demonstrating the ability 
of Coil29 nanofibers to elicit responses against multiple peptide 
antigens. These findings suggest that the humoral and cellular 
immune responses elicited by the P/Tr/Td-fiber vaccines synergize 
and generate enhanced therapeutic effects.

To attenuate the suppressive tumor microenvironment and 
improve the antitumor effect of the P/Tr/Td-fiber vaccines, we de-
signed a triple combination treatment with both the P/Tr/Td-fiber 
vaccine and two checkpoint blockade antibodies, aCD47 and aPD-L1. 
The aCD47 antibody, a recently established phagocytosis checkpoint 
blockade antibody (56), enhances direct tumor killing by macrophages 
and NK cells (54, 55), promotes DC antigen presentation (65), and 
requires adaptive immunity for durable antitumor responses (66). 
Consistent with previous reports, we found that aCD47 antibodies 
potentiated both BMDM-mediated ADCP and NK-mediated 
ADCC. This tumoricidal effect was largely dependent on the pres-
ence of vaccine-induced PEPvIII-specific antibodies, demonstrating 
the therapeutic synergy between blockade antibodies and antitumor 
antibodies (Fig. 6, A and B). Moreover, the addition of aPD-L1 anti-
bodies also improved direct killing by T cells induced by the vac-
cines. Consistent with previous reports (66–68), the combination of 
aCD47 and aPD-L1 alone showed moderate antitumor efficacy. How-
ever, this triple combination therapy showed marked improvement 

Fig. 7. Blockade antibodies potentiated tumor suppression by multiepitope nanofiber vaccines. (A) C57BL/6 mice were inoculated on the flank subcutaneously 
with 1 × 105 B16vIII tumor cells and then treated with multiepitope nanofiber vaccines on days 1 and 14, in combination with isotype IgG2a or aCD47 antibodies (50 g) 
that were administered intratumorally on days 9 and 11 (blue arrow) and isotype IgG2b or aPD-L1 antibodies (100 g) that were administered intraperitoneally on days 
2, 4, 15, and 17 (red arrow). (B) Tumor growth was measured over time (*P < 0.05 and ****P < 0.0001 by multiple comparison using two-way ANOVA with Tukey test, N = 10). 
(C) Overall survival of tumor-bearing mice and median survival (*P < 0.05, ***P < 0.001, and ****P < 0.0001 compared to P/Tr/Td-fiber group by log-rank test, N = 10). 
(D) Individual tumor growth curves.
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in both tumor inhibition and mouse survival over the antibodies or 
vaccines alone, demonstrating a promising therapeutic synergy en-
abled by the multi-epitope nanofiber vaccine (Fig. 7).

There are a few limitations for the present study. One important 
shortcoming of this study is that the therapeutic effect was signifi-
cantly limited by the timing of humoral responses governed by the 
intrinsic B cell developmental dynamics (69), as it takes multiple 
weeks for antibody concentrations to reach maxima. To evaluate 
the potential therapeutic effect of vaccine-induced antibodies, we 
immunized mice 1 day after tumor inoculation. To minimize the 
confounding factors that might be caused by this accelerated treat-
ment regimen, we included the Coil29/CpG group to confirm that 
the observed therapeutic effects were generated by tumor epitope–
specific immunity. Nevertheless, the presence of low levels of anti-
bodies, when combined with CD8+ T cell responses, still showed 
inhibitory effects in the therapeutic model, indicating the impor-
tance of antibody responses, even submaximal (Fig. 5). Future work 
may benefit from a focus on designing an immunization strategy to 
induce high levels of antibody responses in a shorter time frame. 
Further, while the CD8+ T cell responses induced by the P/Tr/Td- 
fiber vaccine were similar to the CFA-adjuvanted group, they were 
suboptimal for tumor treatments. This could potentially be caused 
by inefficient trafficking to draining lymph nodes by the micrometer- 
sized assemblies (70). To potentially overcome this shortcoming, 
we recently demonstrated that the unique assembling mechanism 
of the -helical Coil29 nanofiber system affords more control over 
the length of the assemblies and can be used to modulate lymph node 
trafficking to enhance cellular responses (70). This strategy could 
potentially be adapted for the multiepitope nanofiber vaccine reported 
here to improve its therapeutic efficacy. We selected CFA owing to 
its strong immunostimulatory effects for peptide antigens (45). 
However, considering differences in the adjuvanting mechanisms 
of CFA and CpG, we compared T cell and antibody responses 
between the Peptides/CFA and Peptides/CpG groups, finding that 
both adjuvants were similarly effective in eliciting T cell and anti-
body responses against the epitopes investigated (fig. S12). Also, 
while CpG is an effective adjuvant in mice due to the promiscuous 
nature of TLR9 expression in murine B cells and T cells, its effect is 
limited in humans (71). Future translational studies may consider 
poly(I:C) (polyinosinic-polycytidylic acid) as an alternative ad-
juvant choice (72). Despite these limitations, the nanofiber vaccine 
illustrates a supramolecular strategy to leverage vaccine-induced humoral 
responses, in combination with CD8+ T cell responses, for improved 
cancer treatment. This combinatorial strategy could be potentially ap-
plicable for a range of different cancers including glioblastoma (22) 
or breast cancer (26), with important considerations for future 
combinatorial cancer vaccine therapies.

In summary, we demonstrate that Coil29 nanofibers are a useful 
platform for simultaneously delivering combinations of peptide 
epitopes for B cells, CD4+ T cells, and CD8+ T cells. The P/Tr/Td- 
fiber vaccine raises EGFRvIII receptor–specific antibody responses 
superior to CFA emulsions and simultaneously generates cellular 
responses comparable to CFA emulsions. The simultaneous anti-
tumor humoral and cellular responses allowed P/Tr/Td-fiber vaccines 
to engage both innate and adaptive immunity, yielding significant 
tumor inhibition in both prophylactic and therapeutic B16vIII tumor 
models, relative to either responses alone or CFA emulsions. The 
therapeutic efficacy of the P/Tr/Td-fiber vaccine could be further 
improved by dual checkpoint blockade antibodies, aCD47 and 

aPD-L1. The notable improvement in efficacy afforded by P/Tr/Td- 
fiber vaccines over other single-target vaccines underscores the criti-
cal role of endogenous antitumor antibodies. Our findings suggest a 
multiepitope vaccine design strategy and shed light on a triple combi-
nation strategy between vaccines and blockade antibodies (aCD47 
and aPD-L1) to fully engage innate and adaptive immunity for im-
proved efficacy of cancer immunotherapies.

MATERIALS AND METHODS
Peptides
All peptides were synthesized using Fmoc solid-phase chemistry on 
a CEM Liberty Blue microwave-assisted synthesizer and purified with 
high-performance liquid chromatography (HPLC) and matrix-assisted 
laser desorption/ionization–mass spectrometry (MALDI-MS). 
Biotinylated peptides were synthesized on-resin by reacting Biotin- 
ONp (33755-53-2, Novabiochem) with amine-terminated peptides 
in a threefold excess overnight in N,N′-dimethylformamide (DMF). 
DBCO was conjugated with peptides by reacting DBCO-NHS Ester 
(A133-100, Click Chemistry Tools) with amine-terminated peptide 
on-resin overnight in DMF in the presence of diisopropylethylamine 
(DIEA). TAMRA-labeled peptides were prepared on-resin by reacting 
5(6)-TAMRA (AS-81124, Anaspec Inc.) in a threefold excess with 
the addition of N,N′-diisopropylcarbodiimide (DIC) and 6-chloro-
1- hydroxybenzotriazole (HOBt-Cl). Alexa Fluor 750–labeled pep-
tides were prepared on-resin by reacting Alexa Fluor 750 NHS Ester 
(A37575, Thermo Fisher Scientific) with amine-terminated peptides 
in the presence of DIEA overnight in DMF.

Immunization formulations
To prepare peptide nanofiber immunization solutions, lyophilized 
peptides were weighed and mixed at predetermined molar ratios 
(PEPvIII-Coil29:Td-Coil29:Coil29  =  1:1:1 for P/Td-fiber, Trp2-
Coil29:Td-Coil29:Coil29 = 1:1:1 for Tr/Td-fiber, and PEPvIII-
Coil29:Trp2-Coil29:Td-Coil29 = 1:1:1 for P/Tr/Td-fiber). Mixed 
peptide powders were then dissolved at 8 mM in sterile 10 mM ace-
tate buffer (pH 4) and incubated overnight at 4°C. The peptide solutions 
were subsequently mixed with CpG [ODN 1826 (type B), AdipoGen] 
and diluted to yield a final peptide concentration of 2 mM and CpG 
concentration of 500 g/ml in 1× PBS. The mixed solutions were 
incubated for 3 hours at room temperature before immunizations. 
Other modified peptide nanofibers were prepared in the same fashion 
before usage. For CFA/IFA peptide emulsions, all three epitope pep-
tides (PEPvIII, Trp2, and Td) were mixed at a molar ratio of 1:1:1, 
dissolved at 4 mM in sterile water, then mixed with an equal volume 
of CFA or IFA (Incomplete Freund’s Adjuvant), and vortexed for 
45 min to yield adjuvanted emulsions with a final total peptide con-
centration of 2 mM for immunization.

TEM analysis
Nanofiber solutions were prepared as for immunizations, followed 
by 10-fold dilution to 0.2 mM in 1× PBS. To prepare sample grids 
for imaging, 5 l of diluted sample solution was deposited onto 
400 mesh carbon copper grids (EMS400-CU, EMS). After 1-min incu-
bation at room temperature, sample grids were washed three times 
with deionized (DI) water and stained with 2 l of 1% uranyl acetate 
for 30 s. Sample grids were air-dried after the excess liquid was blotted 
away with filter paper. For gold nanoparticle–labeled samples, 5 l 
of diluted sample solutions was deposited onto 400-mesh carbon 
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copper grids for 1-min incubation, followed by DI water. After the 
excess liquid was blotted away, 5 l of 5-nm azide-functionalized 
gold nanoparticles (CK11, Nanopartz) was added onto the grids 
and incubated for 5 min. The excess liquid was then blotted away, 
and the grids were rinsed first with the droplets of 1% Tween 1× PBS 
solution for three times and then with DI water droplets for three 
times. Subsequently, 5 l of 10-nm streptavidin-labeled gold nano-
particles (S9059, Sigma-Aldrich) was added to the sample grids for 
5-min incubation after excess liquid was blotted away. Last, the ex-
cess liquid was blotted away, and the sample grids were washed with 
1% Tween solution and DI water and stained with 2 l of 1% uranyl 
acetate for 30 s. Sample grids were imaged using FEI Tecnai F30 TEM 
and analyzed with FEI TEM Imaging and Analysis (TIA) software.

CD analysis
A Bioz PiStar CD spectrometer was used with a 0.1-cm path length 
quartz cell. Nanofiber solutions were prepared the same way as pre-
viously described and were further diluted to 0.1 mM with 1× PBS 
for analysis. The spectra were collected between 190 and 260 nm 
with a scanning speed of 0.5 nm s−1 and a bandwidth of 0.5 nm. 
Each spectrum shown was the average of three scans, with the sol-
vent background subtracted.

In vitro antigen presentation
BMDCs were generated after 7-day culture of mouse femur bone 
marrow in complete RPMI media [RPMI 1640 with l-glutamine, 
10 mM Hepes, 50 M -mercaptoethanol, 1 mM sodium pyruvate, 
1 mM nonessential amino acids, and 10% fetal bovine serum (FBS)] 
supplemented with Flt3L (10 ng/ml; PHC9411, Life Technologies). 
To examine T cell epitope presentations, SIINFEKL-fibers (SIINFEKL- 
Coil29:Coil29 = 1:2), OVA323–339-fiber (OVA323–339-Coil29:Coil29 = 1:2), 
and SIINFEKL/OVA323–339-fiber (SIINFEKL-Coil29:OVA323–339-Coil29: 
Coil29 = 1:1:1) were prepared in the same way as indicated above. 
BMDCs were seeded (100,000 cells at 1 M/ml) into 96-well plates 
and incubated with either nanofibers or peptide epitopes at indicated 
concentrations for 4 hours at 37°C in a humidified CO2 incubator. 
The wells were then emptied after 5-min centrifugation at 500g to 
remove excess peptides, followed by the addition of B3Z cells or 
DOBW cells (100,000 cells at 1 M/ml) to detect the presentation of 
SIINFEKL or OVA323–339, respectively. Cocultures were incubated 
for 20 hours at 37°C in a humidified CO2 incubator. To detect SIINFEKL 
presentation, BMDC/B3Z coculture cells were incubated with 150 l 
of CPRG/lysis buffer [0.15 mM chlorophenol red--d-galactopyranoside 
(CPRG), 0.1% Triton X-100, 9 mM MgCl2, and 100 M -mercaptoethanol 
in PBS] at 37°C for 90 min after media were emptied. The absorbance 
at 570 nm of each well was determined using a microplate reader. To 
detect OVA323–339 presentation, BMDC/DOBW coculture media were 
collected and measured for the concentration of IL-2 using an IL-2 cyto-
kine enzyme-linked immunosorbent assay (ELISA) kit (55148, BD).

Immunizations
Female C57BL/6NHsd mice (7 to 9 weeks old) were purchased from 
Harlan Laboratories and housed at the animal facility of Duke Uni-
versity. All animal procedures were performed in accordance with 
and approved by the Institutional Animal Care and Use Committee 
of Duke University under protocol #A199-21-09 and #A283-15-11. 
Mice were anesthetized under isoflurane and immunized subcutane-
ously with 100 l of indicated solutions (200 nmol each peptide epitope 
per mouse, 50 l at each shoulder) and boosted with half-doses (100 nmol 

each peptide epitope per mouse 25 l at each shoulder) at indicated 
time points when required. For cellular uptake experiments, 100 l 
of indicated nanofiber solutions was administered intraperitoneally. 
After 4 hours, 1 ml of intraperitoneal lavage was collected from 
each mouse and the cells were purified after centrifugation for sub-
sequent analysis.

Blood samples were collected from submandibular vein to ana-
lyze for either PBMCs or epitope-specific sera antibodies. To isolate 
PBMCs, 100 l of whole-blood samples was treated with 1 ml of 
ammonium-chloride-potassium (ACK) lysis buffer (A1049201, Thermo 
Fisher Scientific) for three times and subsequently washed with 2 ml 
of flow buffer (2% FBS in 1× PBS) via centrifugation (500g, 5 min). 
The purified PBMCs were subsequently stained for flow cytometry 
analysis. IgG ELISA and subclass phenotyping is performed in 
streptavidin (85878, Sigma-Aldrich)–treated 96-well plates against 
biotin-PEPvIII peptides, using alkaline phosphatase–conjugated de-
tection antibodies for total IgG, IgG1, IgG2b, IgG2c, or IgG3 (115-
055-071, 115-055-205, 115-055-207, 115-055-208, and 115-055-209, 
respectively, Jackson ImmunoResearch).

Tumor model
Vaccinated mice were challenged 14 days after their last immuniza-
tion by subcutaneous injection of 1 × 105 B16vIII cells into the right 
flank of recipient mice. Tumor growth was monitored every other 
day, and the tumor volume was calculated as follows: volume  = 
length × width2 × 0.52. Animals were euthanized when the masses 
reached 1.5 cm in diameter, when tumor volume reached 2000 mm3, 
or when ulceration occurred. For the therapeutic tumor model, mice 
were inoculated with 1 × 105 B16vIII cells in 200 l of 1× PBS into 
the right flank. Vaccinations were given 1 day after tumor inocula-
tion, and booster immunizations were given 14 days after primary 
vaccination. For combinatorial immunotherapy, anti-mouse PD-L1 
(100 g per mouse, clone 10F.9G2, BioXCell) or IgG2b isotype control 
(100 g per mouse, clone LTF-2, BioXCell) was administered intra-
peritoneally on indicated days, and anti-mouse CD47 (50 g per mouse, 
clone MIAP301, BioXCell) or IgG2a isotype control (50 g per 
mouse, clone 2A3, BioXCell) was administered intratumorally on 
indicated days. Tumor growth was determined as described above.

Flow cytometry
To detect antigen uptake, peritoneal cells were stained for Fixable 
Viability Dye (FVD; L34963, Thermo Fisher Scientific), CD45 
(BV605, clone 30-F11, BioLegend), F4/80 [peridinin chlorophyll pro-
tein (PerCP)–Cy5.5, clone BM8, BioLegend], CD19 [phycoerythrin 
(PE)–Cy7, clone 1D3, BD], CD11c [allophycocyanin (APC), clone 
N418, BioLegend], and MHCII (FITC, clone M5/114.15.2, BioLegend). 
Individual cell populations were defined as follows: macrophages, 
FVD−CD45+F4/80+; B cells, FVD−CD45+CD19+; DCs, FVD−CD45+ 
CD11c+MHCII+. PEPvIII antigen–internalized cells are defined as PE+ 
cells, and Trp2 antigen–internalized cells are defined as APC-Cy7+ cells.

To determine cell frequencies in lymph nodes, lymph nodes were 
dissected 7 days after the last immunization. Single-cell suspensions 
were prepared by pressing lymph nodes through a 70-m cell 
strainer. Half of the cells were stained for FVD, CD45, CD19, GL7 
(FITC, clone GL7, BD), and Fas (PE-Cy7, clone Jo2, BD). GC B cells 
were defined as FVD−CD45+CD19+GL7+Fas+. The rest of the cells 
were initially stained for biotinylated CXCR5 (clone SPRCL5, Thermo 
Fisher Scientific) at 1:50 antibody dilution for 40  min and then 
stained for FVD, CD3e (bV605, clone 145-2C11, BD), CD4 (FITC, 
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clone GK1.5, BioLegend), CD44 (APC-Cy7, clone IM7, BD), PD-1 
(APC, clone RMP1-30, BD), and streptavidin-PE (405203, BioLegend). 
TFH cells were defined as FVD−CD3e+CD4+CD44+PD-1+CXCR5+.

To determine antigen-specific CD8+ T cell frequencies, PBMCs 
were initially stained for APC-labeled Trp2 tetramers (National In-
stitutes of Health tetramer core) at 2.5 g/ml for 1 hour at 37°C in a 
humidified CO2 incubator and then stained for FVD, CD3e, CD4, 
and CD8a (PE-Cy7, clone 53-6.7, BD). Trp2-specific CD8+ T cells 
were defined as FVD−CD3e+CD4−CD8+Trp2+.

Cells were stained at a 1:200 antibody dilution unless otherwise 
stated. Flow cytometry was performed using BD Canto II instru-
ment and analyzed using FlowJo software (FlowJo 10.7.1).

Enzyme-linked immunospot
To evaluate epitope-specific T cell responses, splenocytes were col-
lected from vaccinated mice 7 days after their last immunizations. 
After splenocytes were purified with lympholyte-M (CL5031, Cedarlane), 
0.25 million splenocytes were plated in each well of a 96-well ELISPOT 
plate (Millipore, MSIPS4510), in 200 l per well. The cells were either 
left unstimulated as negative control or stimulated with peptides 
(1 × 10−3 mM Trp2, or 1 × 10−3 mM Td) or ConA (positive control, 
C5275, Sigma) for 20 hours at 37°C in a humidified CO2 incubator. IFN 
ELISPOT pairs (551881, BD), streptavidin–alkaline phosphatase (3310-
10-1000, Mabtech), and Sigmafast BCIP/NBT substrate (B5655, Sigma) 
were used to detect and develop antigen-specific spots. Plates were 
enumerated by ZellNet Consulting using a Zeiss KS ELISPOT system.

Antibody-dependent cellular cytotoxicity
To expand NK cells, splenocytes were first purified with lympholyte-M 
and then cultured in a 15-cm tissue culture–treated petri dish at a 
density of 2 M/ml in the complete RPMI media supplemented with 
IL-2 (1000 U/ml; RP-8605, Thermo Fisher Scientific). IL-2–containing 
culture media were changed every 2 days, and nonadherent cells were 
harvested after 12-day culture. NK cell phenotype was confirmed 
using flow cytometry as CD45+CD11c−CD19−NK1.1+. To determine 
ADCC activities, B16vIII or B16F10 cells were first labeled with CFSE 
(C34554, Thermo Fisher Scientific) and then seeded onto 96-well 
plates at 2 × 104 cells per well. After overnight culture at 37°C in a 
humidified CO2 incubator, the cells were incubated with diluted sera 
pooled from naïve mice or immunized mice within the same treat-
ment group at room temperature for 30 min. Sera were diluted 10-, 
50-, and 250-fold in complete RPMI media to demonstrate the serum 
antibody dependence. In all other assays, sera were diluted 10-fold 
in complete RPMI media. After 30-min incubation with sera, the same 
number of NK cells was added onto B16vIII or B16F10 cell media to 
yield the final E:T ratio of 1:1. When aCD47 antibodies were used, 
aCD47 (7 g/ml) or isotype control antibodies were added into the 
coculture. The viability of tumor cells (CFSE+) was determined after 
7-hour coculture via FVD staining using flow cytometry.

Antibody-dependent cellular phagocytosis
To generate BMDMs, after treatment with ACK lysis buffer, mouse 
femur bone marrow cells were seeded at a density of 0.5 M/ml in 
non–cell culture–treated 15-cm petri dish and cultured in complete 
RPMI media supplemented with macrophage colony-stimulating 
factor (20 ng/ml; 416-ML-010/CF, R&D Systems) for 7 days. The ad-
herent cells were then detached via treatment with Accutase (A1110501, 
Thermo Fisher Scientific) for subsequent coculture assays. Macrophage 
phenotype was confirmed using flow cytometry as F4/80+. To determine 

ADCP activities, BMDMs were labeled with CellTrace Yellow (C34567, 
Thermo Fisher Scientific) and seeded onto a non–tissue culture–
treated 96-well plate at 0.5 M/ml density in 10% IMDM (Iscove’s 
Modified Dulbecco’s Medium) media (IMDM media with 10% FBS). 
Twenty hours later, BMDM culture media were changed from 10% 
IMDM to FBS-free IMDM and cells were incubated 37°C in a 
humidified CO2 incubator for 2 hours before coculture assay. 
CFSE-labeled B16vIII or B16F10 cells were incubated with 50-fold 
diluted sera as described above. After IMDM media were emptied, 
the opsonized tumor cells were added onto BMDM wells to yield 
the final E:T ratio of 2:1. aCD47 and isotype control antibodies 
(7 g/ml) were used as indicated. The tumor cell–phagocytosed BMDM 
cells were defined as CFSE+F4/80+.

CTL assay
CFSE-labeled B16vIII cells were seeded onto 96-well plates at 0.05 M/ml 
and stimulated with IFN (500 U/ml; 575302, BioLegend) for 20 hours. 
Splenocytes from immunized mice were harvested and purified with 
lympholyte M, before coculture with B16vIII cells at a final E:T ratio 
of 10:1 in a humidified CO2 incubator. After 48-hour coculture, cells 
were suspended after treatment of Accutase and stained for FVD to 
assess the viability of tumor cells. When aPD-L1 antibodies were 
used, aPD-L1 or isotype control antibodies (40 g/ml) were added 
into the coculture.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 8. Statis-
tical analysis for each experiment was specified in the figure captions. 
All values are reported as means ± SEM, with sample sizes indicated 
in figure captions. Sample sizes were chosen based on pilot experi-
ments and previously published results in the literature. Compari-
sons of multiple groups at a single time point were performed with 
one-way analysis of variance (ANOVA), and comparisons of multiple 
groups over time were performed by using two-way ANOVA tests. 
Experiments were not performed in a blinded fashion. No samples 
were excluded from analysis.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm7833

View/request a protocol for this paper from Bio-protocol.
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