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Abstract 

Pre-erythrocytic malaria vaccines that induce high-titer, durable antibody responses can 

potentially provide protection from infection.  Here, we engineered a virus-like particle (VLP)-

based vaccine targeting a recently described vulnerable epitope at the N-terminus of the central 

repeat region of the Plasmodium falciparum circumsporozoite protein (CSP) that is recognized 

by the potently inhibitory monoclonal antibody L9 and show that immunization with L9 VLPs 

induces strong antibody responses that provide protection from blood-stage malaria in a mouse 

infection model.  
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Main text 

Pre-erythrocytic malaria vaccines (such as RTS,S 1) that largely target the immunodominant 

central repeat (CR) region of the Plasmodium falciparum circumsporozoite protein (PfCSP) – a 

protein that densely covers the surface of invading sporozoites – provide moderate protection 

from human infection 2, 3, 4. However, the recent identification of human monoclonal antibodies 

(mAbs) from human volunteers immunized with an experimental irradiated whole sporozoite 

vaccine developed by Sanaria (PfSPZ) that target epitopes in CSP outside of the CR and potently 

protect animal models from malaria infection have pointed to new sites of vulnerability in CSP 

that may be exploited using epitope-targeted vaccines 5, 6, 7, 8, 9, 10. We previously showed that a 

bacteriophage Qß-based virus-like particle (VLP) vaccine that multivalently displays a peptide 

representing the epitope of the CIS43 mAb, which is located at the junction between the N-

terminal region of CSP and the CR 5, could elicit extremely durable and high-titer anti-CSP 

antibody responses and reduce parasite liver burden in a mouse malaria challenge model, but did 

not prevent blood-stage parasitemia 10.  Here, we assessed the immunogenicity and protective 

efficacy of VLPs displaying the epitope of the L9 mAb, a newly described antibody that is one of 

the most potent anti-CSP mAbs at inhibiting parasite invasion in mouse models 6. The L9 epitope 

overlaps with the CIS43 epitope, but is centered on the minor repeat sequences at the N-terminus 

of the CR (Fig. 1a).  

 

We generated Qß VLPs that multivalently display the 15 amino acid L9 epitope (L9 VLPs) by 

chemically conjugating a synthetic L9 peptide to the surface of VLP using a bifunctional 

crosslinker.  L9 VLPs display an average of 385 copies of the peptide epitope per VLP (Fig. 1b), 

a high valency that is associated with strong immunogenicity 11, and the L9 VLPs are strongly 
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bound by the L9 mAb (Fig. 1c).  L9 mAb also binds strongly to CIS43 VLPs, likely because of 

the overlap between the two peptide epitopes. L9 VLPs are highly immunogenic in mice; three 

doses of unadjuvanted L9 VLPs elicited high titer and durable anti-CSP antibodies (Fig. 2a), as 

was previously observed in mice immunized with CIS43 VLPs 10.  Similar to CIS43 VLPs, L9 

VLPs elicit antibodies that inhibit binding of both the L9 mAb and the CIS43 mAb to CSP (Fig. 

3), indicating that induced antibodies bind to the junctional region of CSP.  

 

To test whether L9 VLPs could confer protection from malaria challenge, C57Bl/6 mice were 

vaccinated with L9 VLPs, CIS43 VLPs, or, as a negative control, wild-type Qß VLPs and then 

challenged with malaria-infected mosquitoes.  We have previously shown that co-administration 

of CIS43 VLPs with the adjuvant Advax-3, which is a mixture of CpG55.2 oligonucleotide (a 

TLR9 agonist) with aluminum hydroxide, could increase anti-CSP antibody levels, so all 

vaccines were adjuvanted with Advax-3.  As is shown in Fig. 2b, both L9 VLPs and CIS43 VLPs 

mixed with Advax-3 elicited strong anti-CSP antibody responses.  After three immunizations, 

mice were exposed to mosquitoes infected with luciferase-reporter containing transgenic P. 

berghei (Pb) engineered to express full-length PfCSP in place of PbCSP (Pb-PfCSP-Luc) 12.  42 

hours after challenge, liver parasite loads were measured using an intravital imaging system.  

Mice immunized with CIS43 VLPs and L9 VLPs had significantly lower liver parasite loads than 

control VLP-vaccinated mice or unvaccinated (naïve) controls (Fig. 2c).  Relative to naïve mice, 

immunization with CIS43 VLPs reduced mean parasite loads by ~89% (similar to what we 

showed previously 10) and immunization with L9 VLPs reduced mean parasite loads by ~92%.  

Beginning four days after infection, blood smears from mice were evaluated for parasitemia.  

While all control mice and CIS43 VLP-immunized mice developed blood-stage parasitemia, 4 of 
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the 7 mice immunized with L9 VLPs remained parasite-free 10 days after infection, indicating 

that these mice were protected from blood-stage infection (Fig. 2d).    

 

Here, we evaluated and compared the efficacy of vaccines targeting two overlapping epitopes 

within the junctional/minor repeat regions of Plasmodium falciparum CSP that are recognized by 

the potent inhibitory monoclonal antibodies, CIS43 and L9.  VLPs displaying both epitopes 

could elicit strong anti-CSP antibody responses and could significantly reduce parasite liver 

loads in experimentally challenged mice.  However, only L9 VLPs could prevent blood 

parasitemia.  The 15 amino acid CIS43 and L9 epitopes overlap by 11 amino acids, suggesting 

that subtle changes in the epitope targeted by anti-CSP antibodies can dramatically affect 

protective efficacy.  It has been hypothesized that the most potent anti-CSP mAbs recognize 

epitopes derived from the joining of minor and major tetrapeptide repeats, including DPNA 

(minor/major) and NPNV (major/minor) 6, 13, 14.  The DPNA motif is found twice in the CIS43 

epitope and once in the L9 epitope, whereas NPNV is found twice in the L9 epitope and once in 

the CIS43 epitope.  In addition, the minimal L9 binding peptide (NANPNVDP) is centered on 

the NPNV sequence 15. To examine the specificity of antibodies induced by the L9 and CIS43 

VLP vaccines, the binding of sera to peptides representing the L9 and CIS43 epitopes, as well as 

peptides representing the major repeat (NANP) and non-naturally occurring peptides 

representing repeat junctions (DPNA and NPNV) was assessed (Fig. 4).  Both vaccines induced 

antibodies that bound to all five peptides, but sera from mice immunized with L9 VLPs had 

stronger relative binding to the L9 epitope than the CIS43 epitope, and reacted more strongly 

with the (NPNV)3 peptide than the (DPNA)3 peptide.  In contrast, sera from CIS43-immunized 

mice bound more strongly to the CIS43 epitope and the (DPNA)3 peptide.  Thus, it is possible 
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that antibodies which more strongly target NPNV are more functionally active and, therefore, 

may aid in preventing blood parasitemia.  Future experiments may reveal the specific nature of 

vulnerability of this region of CSP.  Taken together, these studies indicate that L9 VLPs are a 

promising malaria vaccine candidate. 

 
Methods 

Ethics 

All animal research complied with the Institutional Animal Care and Use Committee of the 

University of New Mexico School of Medicine (Approved protocol #: 19-200870-HSC), Johns 

Hopkins University (Approved protocol permit #: MO18H419).   

 

Production and characterization of VLP-based vaccines 

CIS43 VLPs were produced as described in 10.   L9 VLPs were produced similarly;  the fifteen 

amino acid L9 epitope peptide was synthesized (GenScript) and modified to contain a C-terminal 

gly-gly-gly-cys linker sequence (NANPNVDPNANPNVDGGGC) and was conjugated directly to 

surface lysines on Qb bacteriophage VLPs using the bidirectional crosslinker succinimidyl 6-

[(beta-maleimidopropionamido) hexanoate] (SMPH; Thermo Fisher Scientific) as previously 

described 10. The efficiency of conjugation was assessed by gel electrophoresis using a 10% SDS 

denaturing polyacrylamide gel followed by analysis using ImageJ software to calculate the 

average peptide density per VLP. Conjugation of VLPs with the L9 peptide was performed 

multiple times, with similar conjugation efficiencies.  Presence of the L9 peptide on L9 VLPs 

was confirmed by ELISA.  Briefly, 250ng of VLPs were used to coat wells of an ELISA plate.  

Wells were probed with dilutions of mAb L9 (generously provided by Robert Seder, NIH 

Vaccine Research Center), followed by a 1:4000 dilution of horseradish peroxidase (HRP) 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 11, 2021. ; https://doi.org/10.1101/2021.11.10.465032doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.10.465032


 7 

labeled goat anti-human IgG (Jackson Immunoresearch).  The reaction was developed using 

3,3′,5,5′-tetramethylbenzidine (TMB) substrate (Thermo Fisher Scientific) and stopped using 1% 

HCl. Reactivity was determined by measuring optical density at 450 nm (OD450) using an 

AccuSkan plate reader (Fisher Scientific).  

 

Mouse Immunization Studies 

For the initial evaluation of immunogenicity, groups (n=6) of 4-5-week old female Balb/c mice 

(obtained from the Jackson Laboratory) were immunized intramuscularly with 5µg of L9 VLPs 

without exogenous adjuvant. Mice were boosted twice at 4 and 7 weeks after the initial prime.  

Challenge studies were performed using 7-8-week old C57Bl/6 mice (n=6-7/group), which are 

more susceptible to malaria challenge than Balb/c mice. Mice were immunized with 5µg doses 

of L9 VLPs, CIS43 VLPs, or wild-type control Qß VLPs in combination with 20µL of Advax-3 

adjuvant (5mg/mL).  Mice were immunized at days 0, 28, and 56, serum was collected at day 82, 

and the mice were challenged at day 84.  An additional group of naïve (unimmunized) mice were 

included in this experiment. 

 

Quantitating antibody responses 

Serum antibodies against full-length CSP were detected by ELISA using recombinant CSP 

expressed in Pseudomonas fluorescens 16 (and generously provided by Gabriel Gutierrez at 

Leidos, Inc.) as the coating antigen, as described previously 10. Anti-CSP antibody 

concentrations were determined by generating a standard curve using known concentrations of 

the anti-CSP mouse mAb 2A10.  Peptide ELISAs were performed as described 10 using peptides 

representing the L9 epitope (see above), the CIS43 epitope (NPDPNANPNVDPNAN), the CR 
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major repeat (NANPNANPNANPNANPNA), and multimeric NPNV [(NPNV)3; 

NPNVNPNVNPNV] and DPNA [(DPNA)3; DPNADPNADPNA) peptides.  All peptides were 

synthesized to contain a C-terminal -GGGC linker sequence.  Competition ELISAs were 

performed by using the CSP ELISA protocol with the following modifications: after serum from 

L9 VLP, CIS43 VLP, or wild-type control Qß VLP immunized mice was added to the plate, 40 

ng of the human mAb L9 or CIS43 (at a final concentration of 400 ng/mL) was added to each 

well and incubated for 30 minutes.  L9 or CIS43 mAb binding to CSP was detected using HRP-

labeled goat anti-human IgG at a 1:4000 dilution.   

 

Mouse Pb-PfCSP-Luc sporozoite mosquito challenge  

Mice were challenged directly by using infected mosquitos four weeks following their third final 

vaccination.  Anopheles stephensi mosquitos were infected by blood-feeding on Pb-PfCSP-Luc 

infected mice.  Prior to challenge, mice were anesthetized with 2% Avertin, and then exposed to 

six mosquitos for a blood meal for 10 minutes. Following feeding, the number of mosquitos 

positive for a blood meal was determined. Liver luminescence was assessed 42 hours post-

challenge by intraperitoneally injecting anesthetized mice with 100 µl D-luciferin (30mg/ml) and 

then determining liver luminescence using an IVIS Spectrum Imaging System (Perkin Elmer).  

Beginning four days after challenge, blood smears were collected daily and then evaluated by 

Giemsa staining for parasitemia.    

 
Data Availability 

The datasets used and/or analyzed in the current study are available from the 

corresponding author upon reasonable request. 
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Fig. 1: Characterization of L9 VLPs. 
a The structure of PfCSP and the location of the epitopes targeted in this study.  CSP contains an 
N-terminal region, which contains the RI cleavage site (in green), a Junction region (between RI 
and the central repeat), and the central repeat (CR) Region, which contains 4 NVDP minor 
repeats (purple) and >35 NANP major repeats (red).  The two peptide epitopes displayed on 
CIS43 and L9 VLPs are shown. b SDS-PAGE analysis of unconjugated (center lane) or L9 
peptide conjugated (right lane) Qβ VLPs. The ladder of bands in the L9 VLP lane reflect 
individual copies of coat protein modified with 1, 2, 3, or more copies of the L9 peptide. Gel 
images are derived from the same experiment and were processed in parallel. Size markers are 
shown in the left lane.  Data from a single conjugation reaction that is representative of  >6 
independent reactions is depicted.  c Binding of the L9 mAb to L9 VLPs (green), CIS43 VLPs 
(red), or wild-type (unmodified) Qβ VLPs (black) as measured by ELISA.  This experiment was 
performed twice, data from one representative experiment is shown. 
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Fig. 2: L9 VLPs elicit strong and long-lasting anti-CSP antibody responses that protect 
against parasitemia. 
a Mean anti-CSP IgG concentrations sampled over 34 weeks in Balb/c mice (n=6/group) 
immunized three times (at weeks 0, 4, & 7) with L9 VLPs without adjuvant. Error bars represent 
SEM. b Anti-CSP antibody concentrations in C57BL6 mice immunized three times with CIS43 
VLPs or L9 VLPs (both with Advax-3 adjuvant; n = 6-7/group) collected 26 days following the 
third immunization. Antibody concentrations were compared by two-tailed t test. Serum from 
control (Qß VLP) immunized mice had anti-CSP antibody concentrations below the limit of 
detection of the assay (<0.1ng/mL). c Parasite liver load (as measured by luminescence) in 
CIS43 VLP and L9 VLP-vaccinated (or control) C57BL6 mice (n=6-7/group) following 
mosquito challenge. A two-tailed Mann–Whitney test was used to statistically compare groups.  
Background luminescence was determined using three uninfected mice. d Percent of parasite-
free mice post-challenge as evaluated by Giemsa blood smear.  Log-rank test was used to 
statistically compare the L9 VLP and CIS43 VLP groups to the wild-type Qß VLP control group; 
ns, not significant. 
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Fig 3. Sera from mice immunized with L9 VLPs and CIS43 VLPs inhibit the binding of 
mAbs L9 and CIS43 to CSP.  Pooled sera from L9 VLP-immunized mice, CIS43 VLP-
immunized mice, or Qß VLP-immunized mice were tested by competition ELISA for inhibition 
of a L9 mAb binding to CSP, or b CIS43 mAb binding to CSP.  This experiment was performed 
in duplicate, error bars represent SEM.  
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Fig. 4. Binding of sera to specific CSP-derived epitopes.  Pooled sera from a L9 VLP-
immunized mice or, b CIS43 VLP-immunized mice were tested for binding to five different 
peptides by ELISA.  This experiment was performed in triplicate, error bars represent SD.  
 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 11, 2021. ; https://doi.org/10.1101/2021.11.10.465032doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.10.465032


 14 

References 
 
1. Stoute, J.A. et al. A preliminary evaluation of a recombinant circumsporozoite protein 

vaccine against Plasmodium falciparum malaria. RTS,S Malaria Vaccine Evaluation 
Group. N Engl J Med 336, 86-91 (1997). 

 
2. Olotu, A. et al. Seven-Year Efficacy of RTS,S/AS01 Malaria Vaccine among Young 

African Children. N Engl J Med 374, 2519-2529 (2016). 
 
3. Penny, M.A., Pemberton-Ross, P. & Smith, T.A. The time-course of protection of the 

RTS,S vaccine against malaria infections and clinical disease. Malar J 14, 437 (2015). 
 
4. Rts, S.C.T.P. Efficacy and safety of RTS,S/AS01 malaria vaccine with or without a 

booster dose in infants and children in Africa: final results of a phase 3, individually 
randomised, controlled trial. Lancet 386, 31-45 (2015). 

 
5. Kisalu, N.K. et al. A human monoclonal antibody prevents malaria infection by targeting 

a new site of vulnerability on the parasite. Nat Med 24, 408-416 (2018). 
 
6. Wang, L.T. et al. A Potent Anti-Malarial Human Monoclonal Antibody Targets 

Circumsporozoite Protein Minor Repeats and Neutralizes Sporozoites in the Liver. 
Immunity 53, 733-744 e738 (2020). 

 
7. Atcheson, E., Hill, A.V.S. & Reyes-Sandoval, A. A VLP for validation of the 

Plasmodium falciparum circumsporozoite protein junctional epitope for vaccine 
development. NPJ Vaccines 6, 46 (2021). 

 
8. Francica, J.R. et al. Design of Alphavirus Virus-Like Particles Presenting 

Circumsporozoite Junctional Epitopes That Elicit Protection against Malaria. Vaccines 
(Basel) 9 (2021). 

 
9. Tan, J. et al. A public antibody lineage that potently inhibits malaria infection through 

dual binding to the circumsporozoite protein. Nat Med 24, 401-407 (2018). 
 
10. Jelinkova, L. et al. An epitope-based malaria vaccine targeting the junctional region of 

circumsporozoite protein. NPJ Vaccines 6, 13 (2021). 
 
11. Chackerian, B. & Peabody, D.S. Factors That Govern the Induction of Long-Lived 

Antibody Responses. Viruses 12 (2020). 
 
12. Flores-Garcia, Y. et al. Optimization of an in vivo model to study immunity to 

Plasmodium falciparum pre-erythrocytic stages. Malar J 18, 426 (2019). 
 
13. Oyen, D. et al. Structure and mechanism of monoclonal antibody binding to the 

junctional epitope of Plasmodium falciparum circumsporozoite protein. PLoS Pathog 16, 
e1008373 (2020). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 11, 2021. ; https://doi.org/10.1101/2021.11.10.465032doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.10.465032


 15 

 
14. Calvo-Calle, J.M., Mitchell, R., Altszuler, R., Othoro, C. & Nardin, E. Identification of a 

neutralizing epitope within minor repeat region of Plasmodium falciparum CS protein. 
NPJ Vaccines 6, 10 (2021). 

 
15. Wang, L.T. et al. The light chain of the L9 antibody is critical for binding 

circumsporozoite protein minor repeats and preventing malaria. Preprint at: 
https://doi.org/10.1101/2021.08.11.455919 

  
16. Noe, A.R. et al. A full-length Plasmodium falciparum recombinant circumsporozoite 

protein expressed by Pseudomonas fluorescens platform as a malaria vaccine candidate. 
PLoS One 9, e107764 (2014). 

 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 11, 2021. ; https://doi.org/10.1101/2021.11.10.465032doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.10.465032

