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Abstract

Vaccines are critical tools to treat and prevent diseases. For an effective conjugate vaccine, the 

carrier is crucial, but few carriers are available for clinical applications. In addition, a drawback 

of current protein carriers is that high levels of antibodies against the carrier are induced by 

the conjugate vaccine, which are known to interfere with the immune responses against the 

target antigen. To overcome these challenges, we obtained the near atomic resolution crystal 

structure of an emerging protein carrier, i.e., the bacteriophage Qβ virus like particle. On the 

basis of the detailed structural information, novel mutants of bacteriophage Qβ (mQβ) have been 

designed, which upon conjugation with tumor associated carbohydrate antigens (TACAs), a class 

of important tumor antigens, elicited powerful anti-TACA IgG responses and yet produced lower 

levels of anticarrier antibodies as compared to those from the wild type Qβ-TACA conjugates. 

In a therapeutic model against an aggressive breast cancer in mice, 100% unimmunized mice 
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succumbed to tumors in just 12 days even with chemotherapy. In contrast, 80% of mice 

immunized with the mQβ-TACA conjugate were completely free from tumors. Besides TACAs, 

to aid in the development of vaccines to protect against COVID-19, the mQβ based conjugate 

vaccine has been shown to induce high levels of IgG antibodies against peptide antigens from 

the SARS-CoV-2 virus, demonstrating its generality. Thus, mQβ is a promising next-generation 

carrier platform for conjugate vaccines, and structure-based rational design is a powerful strategy 

to develop new vaccine carriers.

Graphical Abstract

INTRODUCTION

Vaccines have protected humankind from many deadly infections including smallpox, 

yellow fever, and tetanus, saving millions of lives. However, the rampage of COVID-19 over 

the world serves as a painful reminder of the constant need for novel vaccines. In addition, 

the development of effective vaccines for cancer treatment and prevention remains a grand 

scientific challenge.1 While deactivated viruses, bacteria, or cancer cells can be utilized as 

the immunogen, with the increasing demand for vaccine safety, an attractive alternative is 

the usage of well-defined subunit antigens for vaccine design. However, subunit epitopes 

typically have reduced immunogenicities.2 Consequently, immunogenic carrier moieties 

play an essential role in delivering the antigen and boosting the immune response to fight 

diseases.3 As very few carriers have been approved for clinical uses, a powerful new carrier 

is in high demand.

For conjugate vaccines, an important class of antigens is the tumor associated carbohydrate 

antigens (TACAs).4,5 The structures and/or expression levels of carbohydrates on tumor cells 

can be significantly different from those on normal cells with many TACAs ranked among 

the top antigens.6 As TACAs alone cannot generate effective anticancer immune responses, 

carriers are critical for TACA-based vaccine design. Many carriers have been investigated, 

such as nanomaterials,7 liposomes and proteoliposomes,8 polysaccharides,9 dendrimers,10 

and immunogenic proteins including keyhole limpet hemocyanin (KLH),11,12 tetanus toxoid 

(TT),13 and cross reactive material-197 (CRM-197).14,15 KLH,16 a large glycoprotein, is 

the most advanced carrier for cancer vaccine studies, as multiple KLH-TACA conjugates 

have been evaluated in late-stage clinical trials.11,12 Clinical studies have shown that 

cancer patients capable of producing high levels of anti-TACA antibodies following KLH-

TACA immunization are associated with better prognosis and survival.17,18 However, for 
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the full patient cohort, vaccination failed to exhibit statistically significant protection17,18 

highlighting the critical need to improve levels of anti-TACA antibodies produced.

A potential drawback in using an immunogenic protein carrier is that high anticarrier 

antibody responses can be induced by immunization. As an example, the conjugate of KLH 

with the GD3 antigen elicited an average anti-GD3 antibody titer of 400 enzyme linked 

immunosorbent assay (ELISA) units, while that for KLH was 819 200 ELISA units.19 

The high levels of anticarrier antibodies can compete with the production of the antibodies 

against the target antigen.20 Furthermore, with the limited range of vaccine carriers, a 

subject may already have high levels of anticarrier antibodies from prior immunization with 

other vaccines. The strong anticarrier immunities can suppress anticarbohydrate antibody 

responses to the new vaccines. These carrier-induced suppression phenomena have been 

observed in conjugate vaccines.20,21 When several polysaccharides were conjugated to 

the same protein carrier, such as TT, after multiple vaccine administrations, the subjects 

generated significant amounts of anti-TT antibodies. This caused a reduction of the antibody 

responses to subsequent TT based vaccines as compared with subjects never receiving any 

prior vaccination with TT as the carrier.21 Therefore, while carriers are critical to inducing 

high levels of antibodies against the target antigen, it would be desirable to reduce the 

antibody responses against the carrier itself to further enhance the levels of anticarbohydrate 

antibodies that can be induced.

Recently, virus like particles (VLPs) have emerged as a new class of immunogenic carriers 

for vaccine design.22,23 Bacteriophage Qβ is a VLP that can elicit high levels of IgG 

antibodies against multiple types of antigens.24–27 However, as an immunogenic protein, 

Qβ can induce strong anti-Qβ antibody responses, which may limit the optimal response 

against the target antigen. To enhance the ability of Qβ as a vaccine carrier, herein, we 

report the rational design of new Qβ mutants (mQβ) based on the near atomic resolution 

crystal structure of Qβ. When conjugated with TACAs, the novel mutants significantly 

lowered anticarrier antibody responses relative to the corresponding wild type Qβ (wtQβ) 

conjugate. The mQβ was conjugated with several antigens including the Thomsen-nouveau 

(Tn) antigen, the GD2 antigen, and peptide epitopes from the SARS-CoV-2 virus. The 

abilities of these conjugates to induce IgG antibodies were evaluated to establish the power 

and generality of the mQβ carrier.

RESULTS

Qβ Is a Powerful Carrier to Induce Anti-TACA IgG Antibody Responses.

To test the performance of Qβ as a vaccine carrier, Tn was evaluated as the presentative 

TACA. Tn is an attractive antigen, as it is detected in 90% of human carcinomas28 and 

regarded as one of the more specific human cancer associated structures. A derivative of Tn 

bearing an N-hydroxysuccinimide (NHS) ester (NHS Tn 1) was synthesized starting from 

deprotection of the Tn carboxylic acid 229 followed by functionalization with the di-NHS 

ester 3 of adipic acid (Figure 1a). Tn 1 was then incubated with wtQβ to form the Qβ-Tn 

conjugate. Mass spectrometry (MS) analysis showed that Qβ-Tn contained an average of 

370 Tn per capsid (supplementary Figure S1a). C57BL6 mice were immunized with Qβ-Tn 

(1.9 μg of Tn per injection) with monophosphoryl lipid A (MPLA) subcutaneously on days 
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0, 14, and 28 (Figure 1b). Sera were collected from these mice on day 35 after the first 

immunization. To analyze the levels of anti-Tn antibodies produced, Tn 1 was conjugated 

with bovine serum albumin (BSA) to form BSA-Tn. ELISA analysis of anti-Tn IgG 

antibodies was performed using BSA-Tn as the coating antigen (Figure 1c). Qβ-Tn elicited 

an average anti-Tn IgG antibody titer of 2.4 × 106 ELISA units, which was over 1000 times 

higher compared to the preimmune sera. The generation of anti-Tn IgG antibodies indicates 

that the conjugate vaccines were able to activate helper T cells, facilitating the switching of 

antibody isotypes from IgM to IgG. The immune potentiation effect of Qβ-Tn is specific to 

Tn as mice receiving Qβ without Tn only gave an average anti-Tn titer around 2000. The 

high levels of anti-Tn IgG antibodies induced by Qβ-Tn confirm that Qβ is powerful vaccine 

carrier.

Qβ Can Elicit High Levels of Anti-Qβ Antibodies, and the Heterologous Prime-Boost 
Protocol Did Not Reduce Anti-Qβ Antibody Responses.

In addition to anti-Tn antibodies, we determined the titers of anti-Qβ IgG antibodies in 

day 35 sera using Qβ as the coating antigen for ELISA analysis. An average anti-Qβ IgG 

titer of 5.2 × 106 ELISA units was induced in Qβ-Tn immunized mice, indicating that high 

levels of anti-Qβ antibodies were generated. As strong anticarrier antibody responses can be 

detrimental to the generation of antibodies against the target antigen due to carrier induced 

suppression,20,21 we hypothesize that the power of the Qβ carrier can be further enhanced if 

the anti-Qβ antibody responses can be reduced.

One potential approach to reduce the anticarrier responses is the heterologous prime and 

boost strategy.30 The Tn conjugate with another VLP, Cowpea Mosaic Virus (CPMV-Tn),29 

was synthesized. Mice were immunized with the Qβ-Tn conjugate on day 0, then CPMV-Tn 

on day 14, followed by Qβ-Tn on day 28. In this strategy, as epitopes from Qβ and 

CPMV should be different due to the low sequence homology between the two VLPs, 

the Tn antigen is the only component common in all injections. Thus, anti-Tn immunity 

should benefit the most from boost injections. However, from mice immunized with the 

heterologous prime and boost strategy using Qβ-Tn and CPMV-Tn, anti-Qβ IgG titers in 

day 35 sera remained at a high level, while the anti-Tn IgG titers were significantly lower 

compared to when the Qβ-Tn conjugate was used for all three immunizations (data not 

shown). These results may be because Qβ was more powerful in inducing anti-Tn antibodies 

than CPMV, which prompted us to focus on engineering Qβ to reduce the anticarrier 

responses.

Major B Cell Epitopes of Qβ Do Not Reside within a Linear Sequence.

The production of anti-Qβ antibodies originates from the recognition of B cell epitopes on 

the exterior of the Qβ capsid by Qβ specific B cells. To identify the B cell epitopes, we first 

performed epitope screening using a peptide library. The Qβ VLP capsid is formed mainly 

through the self-assembly of 180 copies of a monomeric coat protein containing 132 amino 

acid residues.31 We synthesized eight 30 amino acid peptides with sequences overlapping 

by 15 amino acids covering the full sequence of the Qβ coat protein. These peptides were 

immobilized into ELISA wells individually, and sera from Qβ immunized mice were added 

to each well to test the recognition of each peptide by the sera. As shown in supplementary 
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Figure S2, none of the synthetic peptides showed strong binding to anti-Qβ IgG antibodies 

in the postimmune sera as compared to the intact capsid. These results suggest that the B 

cell epitopes of Qβ do not reside within a linear sequence. Rather, they are most likely 

conformational (i.e., residues are far apart in the primary sequence but close to each other in 

the tertiary structure).

To identify the epitopes of Qβ, one approach would be to individually mutate all 132 amino 

acid residues and identify mutations reducing binding to anti-Qβ antibodies. However, this 

would require the tedious and labor-intensive process of generating and screening a large 

number of mutants. To guide our carrier design, we looked to the Qβ VLP structure for 

insights.

The Crystal Structure of Qβ Provides Critical Insights for Guiding Qβ Mutant Design to 
Reduce Anticarrier Antibody Production.

Compared to carrier proteins that are amorphous such as KLH, an advantage of Qβ is that 

it has a highly organized structure enabling crystallography studies. While Qβ structure was 

reported before for the live phage,31 Qβ VLP has a different surface protein composition. To 

obtain structural insights, Qβ VLP was crystallized, and its structure was solved by X-ray 

crystallography at 4.2 Å resolution (PDB code 7TJM), which provided valuable information 

to guide the selection of the residues of the Qβ VLP to be mutated. We envision that due 

to the large sizes of B cell receptors (similar to those of antibodies), B cell epitopes of Qβ 
most likely reside on the external surface of the Qβ capsid and are well exposed to solvents 

so that they can bind with the bulky B cell receptors on the corresponding Qβ-specific B 

cells. The relative accessible surface area (RASA) was calculated for each residue in the 

Qβ VLP crystal structure. As shown in Figure 2a, asparagine 10 (N10), lysine 16 (K16), 

alanine 38 (A38), threonine 75 (T75), and glutamic acid 103 (E103) are among the most 

surface-accessible residues on the capsid exterior. In addition, the Qβ structure was analyzed 

using DiscoTope 2.0,32 a program for predicting discontinuous B cell epitopes based on 

the surface accessibility and the spatial neighborhood of the residues. The analysis suggests 

that residues K16, A38, T75, and E103 reside in areas of high potential B cell epitopes 

(Figure 2a). As K16 is a major site for derivatization when Qβ is subjected to amide 

formation reactions,33 A38, T75, and E103 were selected for mutation to lysine (K) as these 

residues face the exterior of the capsid with high SASA or B-cell propensity scores (Figure 

2). Lysine is chosen as the mutation target, since it can be an additional site for TACA 

functionalization. In addition to the B cell epitope change from the mutation, the TACA 

conjugated at the newly introduced lysine could further shield the nearby B-cell epitope.

Another factor for the mutant design came from a serendipitous discovery. When a Qβ-

carbohydrate conjugate was treated with the di-NHS ester of adipic acid 3, which could 

cross-link monomer coat protein subunits in a Qβ VLP, significantly higher anticarbohydrate 

antibody responses were induced by the derivatized Qβ. This was possibly due to the 

enhanced capsid stability resulting from cross-linking of Qβ subunits. As it was difficult 

to control the location of cross-linking with the bifunctional linker 3, we hypothesize that 

cysteines can be introduced near the interface between subunits of Qβ VLP, which can 

potentially form disulfide bonds to cross-link the subunits and enhance anti-TACA antibody 
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responses. However, mutations of residues directly involved in intersubunit interactions 

should be avoided to prevent obstructions of VLP assembly. Analysis of the crystal structure 

of Qβ VLP revealed that alanine 40 (A40) and aspartic acid 102 (D102) on adjacent coat 

protein monomers are in close proximity and a disulfide bond between these two residues 

would further strengthen intersubunit cross-linking of the capsid (Figure 3). Thus, A40 and 

D102 were selected as sites for mutation to cysteines for potential disulfide bond formation.

The designed mutant Qβ (mQβ) VLPs were cloned and expressed in E. coli. Although 

E103 K failed to assemble, the A38K, T75K, A40C/D102C, A40S/D102S (a chemically 

equivalent mutant to A40C/D102C but unable to form a disulfide bond between residues 

40 and 102), and A38K/A40C/D102C mutants formed nanoparticles with similar expression 

yields as that for wtQβ (~30 mg/L). The sizes of the mutants were also similar to that of 

wtQβ based on transmission electron microscopy (TEM) analysis (supplementary Figure 

S3). The characteristic properties of all mQβ capsids are summarized in supplementary 

Table S1.

mQβ Capsids Containing A40C/D102C Mutations Have an Additional Disulfide Bond 
Formed between C40 and C102 and Have Higher Thermal Stabilities.

To confirm that A40C/D102C formed a disulfide bond, nonreducing and reducing SDS-

PAGE gel electrophoresis results of mQβs were compared (supplementary Figure S4). While 

most capsids broke down to their monomer on a reducing SDS-PAGE gel (supplementary 

Figure 4Sb), all mQβs containing A40C/D102C mutations showed high molecular weight 

protein bands in the stacking gel of nonreducing conditions (supplementary Figure S4a). 

This is presumably due to the multimerization of the subunits. The chemically equivalent 

mutants lacking the disulfide bond, A40S/D102S, showed similar gel patterns as wtQβ VLP. 

These results verified the formation of additional disulfide bonds in mutants containing 

A40C/D102C.

The effect of A40C/D102C mutations on capsid stability was evaluated next through melting 

temperature measurement (supplementary Figure S5). The wtQβ had a melting temperature 

of 79 °C when it started to denature as indicated by the changes in its UV–vis absorbance. 

The mQβ A40C/D102C capsid had a higher stability as demonstrated by its increased 

melting temperature of 84 °C. The melting temperature of the chemically similar mutant, 

A40S/D102S, dropped to 76 °C, supporting the importance of the disulfide for stabilizing 

the capsid.34 Similar stabilizing effects were observed when mQβ A38K/A40C/D102C 

(melting T: 80 °C) was compared to mQβ A38K (melting T: 74 °C). The higher stability 

of the capsid can be beneficial as the vaccine constructs can potentially provide longer 

stimulation to the immune system resulting in stronger immune responses.

The New mQβs Can Significantly Enhance Levels of Antibodies against the Tn Antigen, 
while Reducing Anticarrier Antibody Responses.

To assess the potency of mQβ in inducing immunity against TACA and the carrier itself, 

the Tn antigen 1 was conjugated with mQβ under identical reaction conditions to those of 

the wtQβ (Figure 1a). The numbers of Tn on A38K, T75K, A40C/D102C, and A38K/A40C/

D102C were controlled to be at similar levels to those of the wtQβ construct by adjusting 
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the amount of Tn 1 added to the reaction. Mice (n = 5) were vaccinated with wtQβ-Tn 

and mQβ-Tn conjugates (all at 1.9 μg of Tn with MPLA as the adjuvant) following the 

aforementioned protocol of three biweekly injections (Figure 1b). The sera from immunized 

mice were collected on day 35 and analyzed for the levels of anti-Tn and anticarrier IgG 

antibodies.

For mQβ-Tn conjugates, while the T75K mutant led to comparable anti-Tn IgG titers as the 

wtQβ-Tn conjugate, A38K, A40C/D102C, and A38K/A40C/D102C produced significantly 

higher levels of anti-Tn IgG responses (Figure 4a). The mean anti-Tn IgG titers generated by 

mQβ(A38K/A40C/D102C)-Tn were close to 10 times those induced by wtQβ-Tn, reaching 

1.8 × 107 ELISA units. To the best of our knowledge, this is the highest anti-Tn titer 

reported to date. Antibody subtype analysis showed all major IgG subtypes were produced 

indicating balanced T-cell-dependent immune responses (supplementary Figure S6).

We tested the impacts of mutations on levels of anticarrier antibodies subsequently. The 

levels of IgG antibodies elicited by wtQβ, mQβ(A38K), mQβ(A40C/D102C), and mQβ-
(A38K/A40C/D102C) recognizing wtQβ were measured first against wtQβ immobilized in 

ELISA wells. As shown in Figure 4b, all mQβ conjugates elicited much lower levels of 

anti-wtQβ antibodies compared to the wtQβ conjugate with the anti-wtQβ IgG antibody 

titers induced by mQβ(A38K/A40C/D102C) at 25% of that by the wtQβ. It is possible that 

mutations can create new B cell epitopes in mQβ. We next analyzed antibody responses 

against the mQβ. All mQβ generated fewer IgG antibodies against the mQβ(A38K/A40C/

D102C) as compared to the level of anti-wtQβ antibodies elicited by wtQβ (Figure 

4c). Correlation with anti-Tn antibody responses from Tn conjugates of A38K, A40C/

D102C, and A38K/A40C/D102C exhibited an interesting reverse trend of anticarrier vs 

anti-Tn antibodies (supplementary Figure S7a,b) with the vaccine construct producing lower 

anticarrier antibody responses eliciting higher levels of anti-Tn IgG. mQβ(A38K/A40C/

D102C) was selected as the lead carrier for further evaluation.

With the high levels of antibodies against Tn generated in postimmune sera, it is important 

to determine the abilities of the antibodies to recognize tumor cells expressing Tn, such 

as TA3Ha, a mouse breast cancer cell line. Flow cytometry analysis showed that the 

IgG antibodies elicited by mQβ-(A38K/A40C/D102C)-Tn exhibited significantly stronger 

binding to TA3Ha cells compared to tumor cell binding by sera from wtQβ-Tn immunized 

mice (Figure 5). These results suggest the antibodies induced by mQβ-Tn can recognize Tn 

in its native environment, i.e., on the surface of tumor cells, which bodes well as anticancer 

vaccines.

mQβ Is a Superior TACA Carrier Compared to Common Benchmark Protein Carriers.

To benchmark the mQβ carrier, head-to-head comparison studies were performed between 

mQβ and the three most common benchmark protein carriers, i.e., KLH, TT, and CRM-197. 

Tn 1 was conjugated with KLH, TT, and CRM-197, respectively, through the same method 

as mQβ-Tn using NHS Tn 1 (Figure 1a). Mice were immunized with KLH-Tn, TT-Tn, and 

CRM-197-Tn conjugates with the same dose of Tn (1.9 μg of Tn) and MPLA adjuvant 

three times biweekly. On day 35, sera were collected from immunized mice, and the anti-

Tn IgG antibody titers were measured by ELISA against BSA-Tn. KLH-Tn, TT-Tn, and 
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CRM-197-Tn conjugates induced average anti-Tn IgG titers of 3.2 × 106, 2.4 × 106, and 6.6 

× 106 ELISA units, respectively, which were significantly lower than those from mQβ-Tn 

immunized mice (average anti-Tn titer of 18 × 106 ELISA units; supplementary Figure S7c). 

Thus, mQβ is a superior vaccine carrier compared to the commonly utilized gold standard 

carriers in delivering the Tn antigen.

mQβ Carrier Significantly Enhanced Antibody Responses against Another TACA, the GD2 
Antigen.

To test the generality of mQβ, besides the Tn antigen, we investigated its utility in 

targeting another TACA, GD2, which is overexpressed on cancers including lymphoma, 

osteosarcoma, and neuroblastoma.35 A derivative of the GD2 antigen NHAcGD2 336 was 

conjugated with wtQβ and mQβ(A38K/A40C/D102C) (Figure 6a). Mice were immunized 

with these two conjugates respectively three times following the same biweekly schedule 

as in the Tn vaccine study. Sera from immunized mice 35 days after immunization were 

collected and analyzed.

The mQβ conjugate induced superior immune responses against GD2 as compared to 

its wtQβ counterpart. ELISA analysis showed that while wtQβ-NHAcGD2 elicited an 

average anti-NHAcGD2 IgG titer of 7.5 × 105 ELISA units, immunization with the 

corresponding mQβ(A38K/A40C/D102C)-NHAcGD2 conjugate led to significantly higher 

IgG titers reaching 1.1 × 106 ELISA units (Figure 6b). Furthermore, the abilities of the 

antibodies to kill GD2 expressing EL4 lymphoma cells were analyzed using a complement 

mediated cytotoxicity assay. Sera from mQβ-(A38K/A40C/D102C)-NHAcGD2 immunized 

mice exhibited significantly higher cytotoxicity against GD2 expressing EL4 lymphoma 

cells compared to those from mice immunized with wtQβ-NHAcGD2 (Figure 6c).

mQβ Conjugate Can Induce High Levels of Antibodies against SARS-CoV-2 Associated 
Peptide Antigens.

Besides carbohydrates, peptides are another common class of antigens for conjugate 

vaccines. To test the applicability of mQβ carrier in peptide-based vaccines, we selected 

peptide epitopes from the SARS-CoV-2 virus. While the availability of several vaccines has 

fundamentally changed the landscape of fighting COVID-19, there are limitations of current 

vaccines including rapid waning of induced immunity and reduced efficacy against variants 

of the virus.37 Thus, continual development of anti-SARS-CoV-2 vaccines is needed.

Two potential B cell peptide epitopes (peptides 4 and 5) from the receptor binding domain 

(RBD) of the SARS-CoV-2 virus were designed, which contained amino acid residues 407–

428 and 473–491 of the spike protein (Figure 7a).38 The RBD is critical for the virus to bind 

and infect human epithelial cells, and anti-RBD antibodies can block the viral entry into 

cells protecting the host from infection.39,40 Several RBD-based conjugate or nanoparticle 

vaccines have been investigated.41–44 In our work, to test the scope of conjugation chemistry 

on mQβ, sulfhydryl chemistry was explored by adding a cysteine residue to the N-terminus 

of aa 407–428 (peptide 4). mQβ was treated with the acrylic ketone linker 6,45 which 

was followed by incubation with the peptide 4 (Figure 7b). On average, 277 copies of the 

peptide could be attached per capsid. Peptide 5 was conjugated to mQβ by amide bonds 
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through a bifunctional activated ester linker 746 (Figure 7c). Mice were immunized with the 

mQβ-RBD peptides 4 and 5 three times biweekly. Analysis of day 35 sera of the immunized 

mice showed that average titers of 2.3 × 106 and 1.1 × 106 ELISA units of IgG antibodies 

were produced in immunized mice against the peptide antigens (Figure 7d). Furthermore, 

the postimmune sera also recognized the full RBD glycoprotein well with average IgG titers 

of 1.8 × 105 and 5.2 × 104 ELISA units against the RBD (Figure 7e). Thus, the mQβ-RBD 

peptide conjugates are promising leads for new anti-SARS-CoV-2 vaccines. The factors 

potentially impacting anti-RBD antibody responses to 4 and 5 include the nature of the 

peptide epitopes, the conjugation methods used, and the level of antigen loading. Further 

studies are needed to dissect the effects of these parameters.

Immunization with mQβ-Tn Conjugate Provided Superior Protection to Mice in an 
Aggressive Breast Cancer Model.

Beyond analysis of antibody levels and functions in vitro, a critical test for the efficacy of 

a vaccine is in vivo protection. With the ability of mQβ-Tn conjugate to elicit higher levels 

of anti-Tn IgG antibodies established, we moved onto tumor protection by mQβ-Tn in vivo 
against TA3Ha murine mammary adenocarcinoma. TA3Ha is a highly aggressive tumor, as 

10 000 TA3Ha cells injected intraperitoneally were sufficient to kill all mice within 11 days 

due to tumor growth (Figure 8a), thus presenting a challenging model for tumor protection 

studies.

To mimic clinical conditions for cancer treatment, we evaluated the vaccine efficacy in a 

therapeutic setting. Mice were injected with TA3HA cells first to establish tumors, which 

were then vaccinated with the Qβ-Tn construct. To enhance the therapeutic efficacy, Qβ-Tn 

immunotherapy was combined with cyclophosphamide (CP) chemotherapy, a common drug 

used for breast cancer treatment in human patients. While CP does not directly kill tumor 

cells at the dose administered47 and its anticancer mechanisms are complex,48 CP can 

potentially reduce the immunosuppression imposed by myeloid-derived suppressor cells and 

activate the effector cells such as natural killer cells to enhance vaccine efficacy.49

Following the inoculation of 10 000 TA3Ha cells to mice, on day 1, mice were treated 

with CP. Subsequently, they received wtQβ-Tn or mQβ(A38K/A40C/D102C)-Tn on days 

1, 4, and 8, respectively, or PBS buffer as the mock control. The survival of all four 

groups of mice was monitored over time. Administration of CP only bestowed little 

survival advantage to mice as all mice died by day 12 post tumor inoculation (Figure 8a). 

wtQβ-Tn immunization provided protection with 20% of the mice surviving the tumor. In 

comparison, 80% of the mice vaccinated with mQβ(A38K/A40C/D102C)-Tn were tumor 

free on day 25 post tumor challenge. Furthermore, mice alive in the mQβ(A38K/A40C/

D102C)-Tn group were rechallenged with 10 000 TA3Ha cells (Figure 8b). Without any 

further vaccination or treatment, all mice survived the second tumor challenge with no 

tumor recurrence, suggesting effective anticancer immunity was induced without the need 

for further vaccination.
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DISCUSSION

Multiple clinical studies have shown that the prognosis of cancer patients can be correlated 

with the levels of anti-TACA antibodies.17,18 Thus, vaccines capable of eliciting high titers 

of anti-TACA antibodies are highly attractive for tumor protection. The development of 

anticancer vaccines and the improvement of immune responses are multifaceted processes, 

which include antigen engineering, adjuvants, and carrier structures. Carrier molecules are 

critical to delivering the weakly immunogenic antigens such as TACA to the immune system 

and to boost the anti-TACA immunity.

VLPs as represented by Qβ are a class of powerful carriers for conjugate vaccines. 

Compared to amorphous carriers such as KLH, VLPs have well-defined three-dimensional 

structures for high density organized display of antigens, which is important for potent 

antibody generation.50 Furthermore, VLPs such as Qβ can encapsulate RNA inside the 

particles, which can activate Toll like receptor 7 and help enhance the immunogenicity of the 

conjugate.51

A potential drawback in using a highly immunogenic protein as the vaccine carrier is 

that strong anticarrier antibody responses can be induced. Mice with high titers of anti-

Qβ IgG antibodies have been shown to produce much fewer antipeptide antibodies upon 

immunization with a Qβ-peptide conjugate.52 There are multiple possible reasons for the 

suppression of antibodies against the conjugated target antigen, such as TACAs, due to 

anti-Qβ antibodies. (1) As anti-Qβ antibodies are generated earlier than those against the 

TACAs,53 during boost injection, the existing anti-Qβ antibodies can bind with the vaccine 

construct, sterically hindering the recognition of glycan epitopes by glycan specific B cells. 

(2) Anti-Qβ antibodies can bind with the vaccine construct, sequestering the construct and 

reducing the availability of construct to interact with glycan specific B cells. (3) Anti-Qβ 
B-cells can compete with anti-TACA B-cells for limited helper T-cell stimulation. Thus, an 

ideal carrier would be a molecule that induces a low antibody response to itself but a high 

antibody response to the hapten.54,55 Removing B cell epitopes from Qβ may enable the 

immune system to focus more on the desired TACA, enhancing antiglycan responses.

Experimental identification of B-cell epitopes can be challenging, especially when the 

epitopes are mainly conformational, not residing within a linear sequence as in the case 

of Qβ. One major advantage of Qβ is with its well-ordered structure, the crystal structure of 

Qβ VLP has been obtained in high resolution. This provided extremely valuable guidance 

for mutant design to reduce anticarrier antibody responses. From structure-based analysis, 

residues with high solvent exposure and potential to be B cell epitopes have been identified, 

which serve as targets for mutations to disrupt the inherent B cell epitopes. In addition, 

sites have been identified for the introduction of cross-subunit disulfide bonds and to avoid 

the disruption of capsid assembly. From multiple mutants developed, the triple mutant 

mQβ(A38K/A40C/D102C) has been identified as the lead construct.

Multiple factors in combination may contribute to higher titers of anti-Tn IgG antibodies 

and lower anticapsid antibodies induced by the triple mutant A38K/A40C/D102C. A38K 

mutation can remove the potential B cell epitopes of wtQβ as A38 resides in a region 
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predicted to be recognized by B cells. The newly introduced lysine can be derivatized with 

Tn further shielding the nearby B cell epitopes of the coat protein. Another potential factor 

is the enhanced thermal stability of mQβs containing A40C and D102C mutations. As 

new disulfide bonds are introduced, these mutants are more stable than those without the 

mutations. The higher stability of the vaccine construct may increase the half-life of the 

vaccine in vivo, prolonging the stimulation of the immune system.

CONCLUSIONS

Carriers are crucial for the development of effective conjugate vaccines to powerfully 

boost antibody responses against weakly immunogenic subunit antigens. With the paucity 

of validated carriers for clinical studies, new carrier moieties are urgently needed. 

Bacteriophage Qβ VLP is a powerful carrier for conjugate vaccines. To further enhance 

the carrier ability of Qβ, the X-ray crystal structure of Qβ VLP was obtained. By examining 

the near atomic resolution structure of Qβ, strategic sites were identified for mutant design 

to remove/camouflage the endogenous B cell epitopes of Qβ and to enhance the capsid’s 

thermal stability. Among the various mutants explored, the triple mutant mQβ(A38K/A40C/

D102C) was identified to be the lead construct. Conjugates of mQβ with the Tn antigen 

were able to induce superior anti-Tn antibodies compared to the corresponding wtQβ 
conjugate, as well as multiple common benchmark protein carriers. In an aggressive breast 

cancer model, while all nonimmunized mice succumbed to the tumor in just 11 days, 

the mQβ-Tn conjugate significantly enhanced the survival rate of the mice to 80% from 

20% bestowed by the wtQβ-Tn construct. In addition, mQβ powerfully boosted antibody 

responses against another TACA, NHAcGD2. Besides carbohydrate antigens, peptide 

antigens from SARS-CoV-2 were efficiently conjugated with mQβ, including through 

the sulfhydryl reaction with an acrylic ketone linker, broadening the scope of antigens 

that can be targeted. The mQβ-SARS-CoV-2 peptide conjugates induced high levels of 

IgG antibodies not only against the peptide but also against the full RBD glycoprotein, 

demonstrating the generality of the carrier. The powerful antibody potentiation abilities 

coupled with the reduced anticarrier responses associated with mQβ renders it a highly 

attractive platform for next generation conjugate vaccine development.

METHODS

Qβ Viral Capsid Protein Expression and Purification.

A single colony of BL21(DE3)pLysS E. coli with the mutated plasmid was selected to 

be inoculated into a starter culture of 50 mL of SOC containing 20 μg/mL Kanamycin. 

The starter culture was grown overnight in a shaker incubator at 37 °C with a shaking 

speed of 230 rpm. After overnight, the resulting cloudy culture was then transferred into 

1 L of culture medium with the antibiotic selection. The culture was continued under 

the same conditions until the OD600 value was between 0.7 and 1.0. Isopropyl β-D-1-

thiogalactopyranoside (IPTG; 1 mL of 1M) was then added into the culture to induce protein 

expression (final concentration = 1 mM). The culture was continued 4–5 h. The bacteria 

were then pelleted at 6000 rpm for 30 min. The culture medium was discarded. The pellets 

were resuspended in 0.1 M PBS pH 7 (10 mL). The bacteria in the suspension were then 
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lysed with a probe sonicator in an ice bath. The sonication generator was set at a power of 

30% for 10 min with interval of 5 s pulses and 5 s stops. The lysis was centrifuged at 14 

000 rpm for 20 min. PEG 8000 was added to the supernatant containing the capsid protein 

to a final concentration of 10% (w/v) and put on a nutating mixer at 4 °C overnight to 

allow complete protein precipitation. The precipitate was pelleted down at 14 000 rpm for 

20 min. The pellet was resuspended in 0.1 M PBS at pH = 7. The resuspended solution 

was 1:1 (v/v) mixed with 1:1 (v/v) chloroform/n-butanol until the mixture turned into a 

colloid. The colloidal mixture was centrifuged at 7000 rpm for 1 h to separate the layers. 

The top (aqueous) layer was collected. Viral capsid protein in the collected aqueous layer 

was concentrated down through Millipore 100k MWCO and further purified by sucrose 

density gradients 10–40% (w/v). The linear (continuous) sucrose gradients were prepared 

following a freezing–thawing method.56 The loaded sucrose gradients were centrifuged with 

the SW32 swing bucket rotor at 28 000 rpm for 5 h. The viral capsid band was visualized 

by LED light shining through the top of the tube. The bright blue band from scattering light 

was collected as fractions of 1 mL. The collected fraction was analyzed for purity of the 

capsid by size-exclusion chromatography using a Superose 6 column 10/300 (void volume = 

9 mL). The fraction that showed a single peak at elution around 11–15 mL was determined 

as the VLP mQβ with RNA encapsulated. The remaining sucrose in the collected fraction 

was removed by filtration through a Millipore 100k MWCO centrifugal filter tube and 

washed thoroughly with a PBS buffer. The total protein concentration in the final solution 

was quantified with a Pierce BCA Protein Assay Kit with bovine serum albumin as the 

standard. The purified VLP was characterized by size-exclusion chromatography, dynamic 

light scattering (DLS), and TEM for particles’ size, homogeneity, shape, and purity. The 

change of the amino acid(s) as a result of the mutation was determined by the molecular 

weight difference compared with wide-type Qβ. The molecular weight of the protein was 

determined by LCMS QTOF ESI mass spectroscopy, and the multiple charge mass spectra 

were transformed to single charge uing the maximum entropy deconvolution algorithm 

(MaxEnt 1).

Immunization Studies.

Pathogen-free C57BL/6 female mice aged 6–10 weeks were obtained from the Jackson 

Laboratory and maintained in the University Laboratory Animal Resources facility of 

Michigan State University. All animal care procedures and experimental protocols have been 

approved by the Institutional Animal Care and Use Committee (IACUC) of Michigan State 

University. Groups of five mice were injected subcutaneously under the scruff on day 0 with 

0.1 mL of various Qβ constructs, or protein-Tn conjugate mixed together with MPLA (20 

μg) as the adjuvant, and boosters were given subcutaneously under the scruff on days 14 and 

28 with 0.1 mL of various Qβ constructs with MPLA (20 μg) as the adjuvant. All Tn vaccine 

constructs administered have the same amounts of Tn antigen (1.9 μg). Serum samples were 

collected on days 0 (before immunization) and 35. The final bleeding was done by cardiac 

bleed.

Antitumor Immunotherapy.

TA3Ha cells (10 000 cells) were intraperitoneally injected into eight-week old female 

C57BL6 mice on day 0. Mice were injected with PBS buffer or cyclophosphamide (50 
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mg/kg) intraperitoneally on day 1 (n = 10 for each group). wtQβ-Tn or mQβ(A38K/A40C/

D102C)-Tn with MPLA (20 μg) was administrated intraperitoneally on days 1, 4, and 8, 

respectively, while only PBS buffer was injected for the PBS group. Survival of mice was 

monitored for 25 days. Mice free of tumors in the mQβ(A38K/A40C/D102C)-Tn group 

were injected with 10 000 TA3Ha cells intraperitoneally, and the survival of mice was 

monitored for another 25 days. Statistical analysis of survival was performed with GraphPad 

Prism using the log-rank test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Qβ is a powerful carrier to generate anti-Tn IgG antibody responses. (a) Synthesis of NHS 

Tn 1 and its conjugation with Qβ. (b) Mice were immunized with Qβ-Tn (1.9 μg of Tn 

per injection) and Qβ on days 0, 14, and 28. Blood was collected on days −1 and 35. (c) 

The titers of anti-Tn IgG antibodies in the sera on day 35 were analyzed from immunized 

mice by ELISA against the BSA-Tn conjugate. Preimmune refers to blood collected on day 

−1. Statistical analysis was performed using the Student t test by GraphPad Prism. ****p < 

0.0001.
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Figure 2. 
(A) Relative accessible surface area (RASA, blue) and DiscoTope 2.0 propensity scores 

(orange) of residues from the Qβ coat protein sequence. Data represent the average of 

all three chains of the asymmetric unit. Regions facing the exterior of the VLP based on 

crystal structure analysis are shaded in dark blue color. (B) Propensity scores mapped by 

color onto coat protein dimer in the context of the full particle based on the particle crystal 

structure (PDB code 7TJM). Red indicates residues with higher B-cell epitope potential, 

while blue represents residues with lower B-cell epitope potential. (C) Close-up view of a 

dimer indicates the locations of surface-exposed and high B-cell propensity residues studied 

in this work.
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Figure 3. 
X-ray crystal structure of Qβ (PDB code 7TJM) showing (A) disulfide bond networks from 

native disulfide bonds between C74 and C80 (yellow spheres) and the potential disulfide 

bond-forming residues in mQβ A40C/D102C (teal spheres). (B) Residues A40 and D102 are 

close to each other in the 3D structure of wtQβ, serving as potential sites for mutations to 

cysteines and the formation of an additional disulfide bond.
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Figure 4. 
(a) Anti-Tn IgG titers of postimmunized sera (day 35) from groups of mice (n = 5) 

vaccinated with various mQβ-Tn conjugates assayed against BSA-Tn as the coating antigen 

for ELISA. The statistical significance between a mQβ and wtQβ was determined by 

the Student t test using GraphPad Prism (**p < 0.01; ***p < 0.001; ****p < 0.0001; 

ns, not significant). Titers of (b) anti-wtQβ and (c) anti-mQβ(A38K/A40C/D102C) IgG 

antibodies in postimmunized sera (day 35) from groups of mice (n = 5) vaccinated 

with wtQβ, mQβ(A38K), mQβ(A40C/D102C), and mQβ(A38K/A40C/D102C) conjugates, 

respectively. The mQβ(A38K/A40C/D102C)-Tn conjugate induced higher titers of anti-Tn 

IgG antibodies with reduced antibody responses against both wtQβ and mQβ(A38K/A40C/

D102C).
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Figure 5. 
Flow cytometry analysis showed stronger binding to TA3Ha cells by IgG antibodies elicited 

by the mQβ-Tn conjugate as compared to those by the wtQβ-Tn. The statistical significance 

was determined by the Student t test using GraphPad Prism (*p < 0.05; *****p < 0.00001).
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Figure 6. 
(a) Synthesis of Qβ-GD2 conjugates. Sera from mQβ-GD2 conjugate (b) elicited 

significantly higher anti-GD2 IgG antibody titers, and (c) exhibited significantly higher 

complement mediated cytotoxicity toward tumor cells compared with those of the 

corresponding wtQβ-GD2 conjugate. CDC toward EL4 cells was determined by the MTS 

assay. Each symbol represents one mouse (n = 5 mice for each group). *p < 0.05. The p 
values were determined through a two tailed t test using GraphPad Prism.
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Figure 7. 
(a) Sequences of RBD peptides 4 and 5. (b) Synthesis of mQβ-RBD peptide 4 conjugate. 

(c) Synthesis of mQβ-RBD peptide 5 conjugate. mQβ is a powerful carrier to generate 

anti-SARS-CoV-2 IgG immune responses against (d) RBD peptides 4 and 5 and (e) the full 

RBD. Preimmune refers to blood collected on day −1. Statistical analysis was performed 

using the Student t test by GraphPad Prism. ***p < 0.001; ****p < 0.0001.
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Figure 8. 
(a) Vaccination with mQβ-Tn significantly improved the survival of mice as compared 

to those immunized with wtQβ-Tn in combination with CP chemotherapy. Groups of 

mice (n = 10 for each group) were intraperitoneally injected with 10 000 TA3Ha cells 

on day 0, with or without intraperitoneal treatment of cyclophosphamide (50 mg kg−1) 

on day 1. wtQβ-Tn, or mQβ(A38K/A40C/D102C)-Tn formulated with MPLA (20 μg) 

as an adjuvant, was administrated intraperitoneally on days 1, 4, and 8, respectively. 

Statistical analysis of survival was performed with GraphPad Prism using the log-rank test 

comparing the mQβ(A38K/A40C/D102C)-Tn and the wtQβ-Tn groups. ****p < 0.0001. 

(b) Mice surviving tumor challenge from the CP/mQβ(A38K/A40C/D102C)-Tn group were 

rechallenged with TA3Ha cells. All mice survived without any further treatments.
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