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Engineered DNA‑encoded 
monoclonal antibodies targeting 
Plasmodium falciparum 
circumsporozoite protein confer 
single dose protection in a murine 
malaria challenge model
Nicholas J. Tursi1,2, Sophia M. Reeder1,2, Yevel Flores‑Garcia3, Mamadou A. Bah1, 
Shamika Mathis‑Torres3, Berenice Salgado‑Jimenez3, Rianne Esquivel1, Ziyang Xu1,2, 
Jacqueline D. Chu1, Laurent Humeau4, Ami Patel1, Fidel Zavala3 & David B. Weiner1*

Novel approaches for malaria prophylaxis remain important. Synthetic DNA‑encoded monoclonal 
antibodies (DMAbs) are a promising approach to generate rapid, direct in vivo host‑generated mAbs 
with potential benefits in production simplicity and distribution coupled with genetic engineering. 
Here, we explore this approach in a malaria challenge model. We engineered germline‑reverted 
DMAbs based on human mAb clones CIS43, 317, and L9 which target a junctional epitope, major 
repeat, and minor repeat of the Plasmodium falciparum circumsporozoite protein (CSP) respectively. 
DMAb variants were encoded into a plasmid vector backbone and their expression and binding 
profiles were characterized. We demonstrate long‑term serological expression of DMAb constructs 
resulting in in vivo efficacy of CIS43 GL and 317 GL in a rigorous mosquito bite mouse challenge model. 
Additionally, we engineered an Fc modified variant of CIS43 and L9‑based DMAbs to ablate binding 
to C1q to test the impact of complement‑dependent Fc function on challenge outcomes. Complement 
knockout variant DMAbs demonstrated similar protection to that of WT Fc DMAbs supporting 
the notion that direct binding to the parasite is sufficient for the protection observed. Further 
investigation of DMAbs for malaria prophylaxis appears of importance.

According to the World Health Organization, there were approximately 241 million malaria cases globally, 
resulting in 627,000 deaths, in  20201. The majority of malaria cases occur in Africa, Southeast Asia, and South 
 America2. Multiple species of the Plasmodium parasite, the causative agent of malaria, infect humans which 
result in patient symptoms ranging from fever and chills to anemia, coma, and  death3. In Africa, Plasmodium 
falciparum accounts for the majority of malaria cases.

There have been numerous attempts to develop malaria vaccines or therapeutics targeting different aspects 
of the parasite life  cycle4. The pre-erythrocytic stage occurs after parasite injection by mosquitoes and before 
liver invasion. The predominant surface protein of the sporozoite is the circumsporozoite protein (CSP). CSP 
is associated with infectivity of sporozoites and contains both B and T cell epitopes implicated in  protection5–8. 
RTS,S/AS01, a new malaria vaccine, is now approved by the World Health Organization and utilized under the 
trade name Mosquirix. Phase III trial results demonstrated that vaccination with RTS,S, which contains portions 
of the central repeat domain and C terminal T cell epitopes of Plasmodium falciparum CSP (PfCSP) scaffolded 
to the Hepatitis B virus surface antigen (HBsAg), induced a reduction in malaria cases in children over a span 
of 5  years4,9–11. A newer generation vaccine, R21, contains one quarter of the HBsAg as the original RTS,S, 
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and has demonstrated upwards of 77% efficacy in a trial in Burkina Faso when formulated in Matrix  M12,13. 
Another approach is a vaccine developed by Sanaria, PfSPZ, which consists of attenuated whole sporozoites. 
One distinct advantage of PfSPZ is that it presents PfCSP in its native conformation; PfSPZ has demonstrated 
partial protection in a Phase 1 trial but no significant protection in a Phase 2 trial in  children14–16. Additionally, 
the use of PfSPZ with the anti-malarial drug chloroquine has demonstrated heterologous protection in malaria 
naïve individuals in a recent  trial17. Correlates of protection from irradiated sporozoites include both antibody 
and T cell  responses18,19. However, challenges with sporozoite vaccine models persist, as sporozoites may not be 
effective at priming immune responses if over-irradiated or an active infection may ensue if under-irradiated20, 
supporting the notion that additional vaccines or prophylaxis approaches are likely important.

Monoclonal antibodies (mAbs) have also been isolated from malaria vaccinees and have defined sites of 
vulnerability on the CSP antigen. These include the human mAbs CIS43, 317, and  L921–23. CIS43 is a human 
IgG1 mAb isolated from a volunteer immunized with the PfSPZ vaccine. This mAb exhibits preferential bind-
ing to a distinct epitope spanning the N terminus and NANP repeat junction of PfCSP as well as binding to the 
classically immunodominant NANP repeat region. Both passive transfer and adeno-associated virus delivery 
of CIS43 demonstrated protection in murine challenge models of  malaria21,24. Importantly, a half-life extended 
variant of CIS43, CIS43LS, has demonstrated preliminary efficacy in a controlled human malaria challenge in a 
Phase I clinical  trial25. 317 is a major repeat (NPNA) targeting human mAb that was isolated from a controlled 
human malaria infection trial of RTS,S immunized individuals. 317 has demonstrated potent protection in 
murine challenge models and along with a sister clone 311 these antibodies have elucidated important structural 
information about the NANP repeat region through Fab  binding22. Additionally, L9 is a minor (NVDP) repeat 
targeting mAb that was isolated using a probe targeting the junctional region of CSP from PfSPZ-immunized 
individuals. L9 has demonstrated protection in mouse models through sporozoite neutralization in the  liver23. 
As recombinant mAbs, CIS43, 317, and L9 have all demonstrated promising results in preclinical and, in the 
case of CIS43, CHMI models.

Recombinant mAbs are becoming more common for infectious disease prophylaxis or therapy.  TY014 is a 
human therapeutic mAb targeting yellow fever currently being evaluated in Phase I clinical  trials26 (ClinicalTrials.
gov NCT03776786). Additionally, numerous anti-SARS-CoV-2 monoclonal antibody cocktails have been granted 
Emergency Use Authorization to treat or prevent COVID-1927–29. However, there are distinct technological 
limitations for global human deployment, including the high cost of production and the short half-life of such 
biologics in vivo30,31. Genetic approaches such as DNA-encoded monoclonal antibodies (DMAbs) are directly 
launched in vivo and result in systemic, prolonged circulation of functional  antibodies30. DMAb administration 
results in several months of in vivo mAb expression, a potential advantage for endemic and cyclic infections. 
DMAbs have been recently demonstrated promise for specific viral and bacterial  pathogens32–37, and may be of 
benefit against parasitic infections like malaria.

We previously described the use of nucleotide and sequence engineering to improve in  vivo DMAb 
 expression33,34,38. Additionally, we have also shown that DMAbs can be Fc modified to enhance or ablate com-
plement activity in a N. gonorrhoeae model with improved clearance in bacterial  challenge39. Modification of 
antibody Fc domains through two alanine substitutions ablates IgG1 hexamerization and subsequent affinity for 
C1q and complement  deposition40. In terms of malaria prophylaxis, reports have demonstrated that complement 
fixing anti-CSP antibody titers in children correlates with protection and wanes quickly over  time41,42. Addition-
ally, sporozoite immunization-induced IgG antibodies had enhanced activity against heterologous sporozoites 
with complement present in vitro43. Yet, the effect of complement abrogating mutations on protection has not 
been determined in the context of anti-sporozoite stage mAbs. As DMAbs are capable of being rapidly sequence 
modified for assessing in vivo efficacy, we sought to use the DMAb approach to test whether complement engage-
ment is necessary for the protective efficacy conferred by sporozoite stage mAbs.

Here, we describe the design and development of anti-PfCSP DMAbs based on recombinant pre-erythrocytic 
mAbs CIS43, 317, and L9 and their evaluation in vitro, in vivo, and in malaria challenge models. Following 
a proof-of-concept study developing germline-modified antibody variant based on CIS43, CIS43 GL, which 
resulted in potent in vivo expression, we next advanced these into malaria challenge. We observed that the 
DMAbs demonstrated similar inhibition of liver infection as the positive control monoclonal antibody, mAb 
 31122 in an acute mosquito bite challenge model. DNA-encoded germline modified variants of mAbs 317 and L9, 
317 GL and L9 GL respectively, were also generated and demonstrated long term serological expression in vivo. 
In this analysis, both CIS43 GL and 317 GL demonstrated significant protection in an extended mosquito bite 
challenge model. Finally, modifications to CIS43 GL and L9 GL were engineered to ablate C1q affinity to test 
the importance of Fc function and complement deposition to the protection elicited by anti-malarial DMAbs. 
Complement knockout variants demonstrated similar protection in mosquito bite challenge compared to wild-
type controls supporting the notion that the mechanism of protection is direct binding of the antibody to relevant 
CSP epitopes in this challenge model.

Results
Characterization of germline‑modified variant CIS43 GL DMAb. We designed DMAb constructs 
based on CIS43, an anti-CSP human mAb primarily targeting the junctional epitope between the N terminus 
and the NANP major repeats (Fig. 1A)21. A dual plasmid approach where heavy and light chains are encoded 
onto separate plasmids was used to further improve in vivo expression as we have recently  described33,34. Addi-
tionally, we have observed that reverting specific, non-essential residues in the framework region away from the 
hypervariable regions back to their germline configuration  improves in vivo DMAb  expression33,34,38. Sequences 
were analyzed using IMGT DomainGapAlign tool to identify the immunoglobulin gene family as well as sites for 
potential expression  optimization44–46. In addition to amino acid changes, codon optimization for expression in 
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Figure 1.  Proof-of-concept CIS43 GL DMAb protects mice in mosquito bite challenge. (A) Schematic 
demonstrating CIS43 GL binding domain on CSP. (B) Binding ELISA of pooled supernatants harvested 
from Expi293F transfection to rCSP (mean ± SD). (C) In vivo expression of CIS43 GL in BALB/c mice at the 
peak expression timepoint Day 21 (left) through Day 120 (right). Mice were immunized with 100 µg CIS43 
intramuscularly in the tibialis anterior with CD4+/CD8+ T cell depletion (n = 5 mice/group; geometric 
mean ± geometric SD). (D) In vivo expression of CIS43 GL in BALB/c mice without CD4+/CD8+ T cell 
depletion (n = 5 mice/group; geometric mean ± geometric SD). Mice were administered 100 µg or 200 µg 
intramuscularly in the tibialis anterior and/or quadricep. *p = 0.032 by two-tailed Mann–Whitney test. 
(E) Experimental layout of challenge. Mice were immunized with CIS43 GL and challenged 7 days post 
administration with mosquitos carrying PbPfLuc parasites. Positive control recombinant mAb 311 was 
administered 16 h prior to challenge. Blood smears for blood stage parasitemia were performed from days 4–10 
post challenge. (F) Total flux quantified by IVIS; ** p = 0.0079 by two-tailed Mann–Whitney test (geometric 
mean ± geometric SD) (G) Percent inhibition of liver infection relative to infection of pVAX control infected 
mice (geometric mean ± geometric SD). (H) Percent of blood stage parasite free mice, determined through 
blood smears (n = 5 mice/group). **p < 0.01 versus pVAX by Log-rank (Mantel–Cox) test). The positive and 
negative controls were historical as we have published in Ref.47.
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murine and human systems was performed, by changing the identity of various nucleotides compared to heavy 
and light chain variable regions of WT CIS43.

Expi293F cells were transfected and supernatants were harvested to ensure CIS43 GL DMAb had binding 
activity to CSP. After normalizing transfection supernatants, CIS43 GL exhibited potent binding to recombi-
nant CSP by ELISA (Fig. 1B). To explore the in vivo expression profile of CIS43 GL DMAb, BALB/cJ mice were 
administered 100 µg of CIS43 GL with co-administration of anti-CD4 and anti-CD8 T cell depletion and serum 
human IgG titers were monitored over time. Transient T cell depletion was utilized to enable prolonged expres-
sion of human IgG in vivo as it curtails the development of mouse anti-DMAb antibodies. This transient CD4+ 
and CD8+ T cell depletion enables human antibody expression in murine  models32,33. By Day 21, expression 
peaked at approximately 67 µg  mL−1 in serum (Fig. 1C, left). Serum expression of CIS43 GL was durable out 
to Day 120 post administration (Fig. 1C, right). To elucidate the expression profile of CIS43 GL without CD4/
CD8 T cell depletion, mice were administered either 100 µg or 200 µg and expression was monitored at Day 
7 (Fig. 1D). The 200 µg dose group demonstrated significantly increased expression; this dose was chosen to 
advance to a mosquito bite challenge model. These data demonstrate that an anti-malarial DMAb can potently 
express in vivo and bind recombinant CSP.

CIS43 GL DMAb protects in a mosquito bite challenge model. To test whether CIS43 GL DMAb 
is protective in vivo, mice were immunized with 200 µg of CIS43 GL and challenged seven days post DMAb 
administration (Fig. 1E). Sixteen hours prior to challenge, 100 µg of mAb 311 was administered intraperitoneally 
as a positive assay control group. On the day of challenge, mice were exposed to the bites of 5 A. stephensi mos-
quitoes infected with PbPfLuc transgenic parasites. Forty-two hours post challenge, liver burden was assessed 
through intraperitoneal administration of d-luciferin. The bioluminescence generated by the transgenic para-
sites was measured for individual mice via total flux by IVIS Spectrum  imager48. Both the positive control mAb 
311 and CIS43 GL groups showed significantly decreased bioluminescence indicating protection, as compared 
to the negative control (Fig. 1F). From the bioluminescence data, percent inhibition of liver infection can be 
calculated relative to infection seen in the pVAX negative control mice. To that end, mice administered recom-
binant mAb 311 and CIS43 GL DMAb demonstrated 88.7% and 84.4% inhibition of liver infection respectively 
(Fig. 1G). Importantly, the mAb 311 and CIS43 GL protected mice from developing blood stage infection com-
pared to the negative control group (Fig. 1H). Blood smears taken between day 4 and 10 post challenge showed 
80% of mice administered mAb 311 and 60% of mice receiving CIS43 GL achieved protection from blood stage 
parasitemia. Collectively, these data illustrate that a DNA-encoded anti-malarial antibody CIS43 GL protects 
mice from blood stage infection in vivo, with potency similar to the related biologically delivered mAb.

Characterization of 317 GL and L9 GL germline‑modified DMAbs. To determine whether other 
human anti-malarial mAbs with additional specificities could be modified and delivered as DMAbs, we designed 
germline-modified DMAbs based on human mAbs 317 and L9 (317 GL and L9 GL respectively) targeting the 
major repeat and minor repeat respectively (Fig.  2A). Variable heavy and light sequences were modified to 
remove non-essential amino acids in the framework regions. Antibody heavy and light chains were separately 
encoded into a dual plasmid system. To confirm binding of 317 GL and L9 GL to recombinant CSP, Expi293F 
cells were transfected and supernatants were harvested for analysis in a binding ELISA. Both 317 GL and L9 GL 
bound recombinant CSP (Fig. 2B). We studied the expression of the DMAb constructs in vivo using BALB/cJ 
mice that were administered 100 µg of 317 GL or L9 GL co-administered with anti-CD4/CD8 T cell depletion. 
Serum expression was monitored using a human IgG quantification ELISA. 317 GL demonstrated strong in vivo 
expression at approximately 87 µg  mL−1 at Day 21 with robust titers out to Day 120 (Fig. 2C, left panels). In con-
trast, L9 GL demonstrated more modest expression at 6 µg  mL−1 on Day 21, yet titers persisted out to Day 120 
(Fig. 2C, right panels). These data demonstrate that multiple anti-CSP human mAbs can be durably expressed in 
blood after delivery by plasmid DNA.

Multiple anti‑CSP DMAbs protect in a mosquito bite challenge model. To test whether 317 GL 
and L9 GL DMAbs are protective in vivo, mice were administered 100 µg of CIS43 GL or 317 GL, 200 µg of L9 
GL, or a combination of 50 µg CIS43 GL, 50 µg 317 GL, and 100 µg L9 GL. Twice the amount of L9 GL was used 
relative to CIS43 GL and 317 GL to compensate for lower serum titers generated by this construct, and DMAbs 
were co-administered with anti-CD4 and anti-CD8 T cell depletion. Mice were challenged 21 days post DMAb 
administration and blood smears were performed for 10 days starting at Day 25 to monitor for blood stage 
disease (Fig. 2D). Sixteen hours prior to challenge, 100 µg of mAb 311 was administered intraperitoneally as a 
positive assay control group. Challenge procedures and readouts using IVIS were done as described above and 
as  reported48. Three days prior to challenge, blood was taken to assess serum titers of DMAbs. CIS43 GL, 317 
GL, and the triple combination group all showed robust expression in vivo (Fig. 2E). One mouse in the 317 GL 
group showed very low expression of approximately 1 µg  mL−1 expression most likely due to a technical issue 
related to T cell depletion; this mouse was excluded from challenge analyses. Compared to naïve infected mice, 
CIS43 GL, 317 GL, and the triple DMAb group exhibited similar decreases in total flux compared to the positive 
control mAb 311 treated animals (Fig. 2F). Similarly, L9 GL also demonstrated decreased total flux although not 
to the magnitude of the other DMAbs, though its expression levels were considerably lower. All DMAb groups 
similarly showed robust percent inhibition relative to naïve infected mice, with 317 GL and triple DMAb groups 
showing a statistically significant increase protection relative to the L9 GL group (Fig. 2G). Blood smears showed 
100% of mice administered 317 GL, 87% of mice administered the triple DMAb or positive control, and 71% 
of CIS43 GL mice were free of blood stage parasitemia 10 days post challenge (Fig. 2H). All mice in the vector 
control group, naïve infected group, and L9 GL group developed blood stage infection. Collectively, these data 
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Figure 2.  Multiple anti-CSP GL DMAbs protect in mosquito bite challenge. (A) Schematic showing 317 GL 
and L9 GL binding domains on CSP. (B) Binding ELISA of pooled supernatants of 317 GL (left) and L9 GL 
(right) harvested from Expi293F transfection to rCSP (mean ± SD). (C) In vivo expression of 317 GL (left two 
panels) and L9 GL (right two panels) in BALB/c mice at the peak expression timepoint Day 21 through Day 
120. Mice were immunized with 100 µg CIS43 intramuscularly in the tibialis anterior with CD4+/CD8+ T cell 
depletion (n = 5 mice/group; geometric mean ± geometric SD). (D) Experimental layout of challenge. Mice were 
immunized with CIS43 GL (100 µg), 317 GL (100 µg), L9 GL (200 µg) or a cocktail (“Triple DMAb”; CIS43 
GL 50 µg, 317 GL 50 µg, L9 GL 100 µg) and challenged 21 days post administration with mosquitos carrying 
PbPfLuc parasites. Positive control recombinant mAb 311 was administered 16 h prior to challenge. Blood 
smears for blood stage parasitemia were performed from days 4–10 post challenge. (E) Serum titers of DMAb 
18 days post administration. (F) Total flux quantified by IVIS (geometric mean ± geometric SD) (G) Percent 
inhibition of liver infection relative to infection of naive control infected mice (geometric mean ± geometric SD). 
(H) Percent of blood stage parasite free mice, determined through blood smears (n = 6–7 mice/group). Statistical 
analyses were done using a two-tailed Mann–Whitney test with comparisons relative to naïve infected (F,H). 
One-way ANOVA adjusted for multiple comparisons between all treatment groups (G). **p < 0.01, ***p < 0.001.
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demonstrate that multiple anti-malarial DMAbs targeting distinct epitopes are capable of protecting mice from 
blood stage disease in vivo. Combining DMAbs together however did not show an additional protective effect, 
likely due to the low serum expression of DMAb L9 GL.

Characterization of complement knockout variants of anti‑malarial DMAbs. We sought to uti-
lize DMAb platform as a tool to test the effect of complement engagement on protective outcomes. As such, we 
incorporated Fc modifications that ablate IgG hexamerization and subsequent complement deposition. Con-
structs were developed containing two point mutations in the human IgG1 constant domain: an alanine substi-
tution at position 270 (D270A) and an alanine substitution at position 322 (K322A) (Fig. 3A). These mutations 
have been used to ablate C1q binding and subsequent complement deposition  previously39,49–55. Constructs were 
synthesized, expressed in Expi293F cells, and supernatants were harvested for downstream analyses. Due to the 
abrogated expression of the D270A/K322A variant of CIS43 GL (Supplementary Fig. 1A), further amino acid 
modifications were made to the light chain framework region to restore expression (CIS43 GL-2). Constructs 
baring these new light chains were used in both the D270A/K322A knockout (A/A KO) constructs as well as WT 
controls. Supernatants containing CIS43 GL-2 A/A and L9 GL A/A were harvested and assessed for anti-CSP 
binding activity using a binding ELISA. Both CIS43 GL-2 and L9 GL A/A bound recombinant CSP (Fig. 3B, Sup-

Figure 3.  Complement-binding knockout modifications do not impact protection in mosquito bite challenge 
model. (A) Graphical representation of complement modifications of CIS43 GL-2 and L9 GL. (B) Binding 
ELISA of pooled supernatants of CIS43 GL-2 constructs (left) and L9 GL constructs (right) harvested from 
Expi293F transfection to rCSP (mean ± SD). (C) In vivo expression of CIS43 GL-2 D270A/K322A (left) and 
L9 GL D270A/K322A (right) in BALB/c mice at the peak expression timepoint Day 21. Mice were immunized 
with 100 µg CIS43 intramuscularly in the tibialis anterior with CD4+/CD8+ T cell depletion (n = 5 mice/group; 
geometric mean ± geometric SD). (D) Experimental layout of challenge. Mice were immunized with CIS43 GL-2 
(50 µg) and L9 GL (100 µg) (abbreviated “WT Fc”) or CIS43 GL-2 D270A/K322A (50 µg) and L9 GL D270A/
K322A (100 µg) (abbreviated “D270A/K322A”)and challenged 21 days post administration with mosquitos 
carrying PbPfLuc parasites. (E) Serum titers of DMAb 18 days post administration. (F) Total flux quantified 
by IVIS (geometric mean ± geometric SD) (G) Percent inhibition of liver infection relative to infection of 
naive control infected mice (geometric mean ± geometric SD). (H) Percent of blood stage parasite free mice, 
determined through blood smears (n = 6–7 mice/group). Statistical analyses were done using a two-tailed 
Mann–Whitney test between treatment groups (E), with comparisons relative to naïve infected (F,H) or one-
way ANOVA adjusted for multiple comparisons between all treatment groups (G). **p < 0.01, ***p < 0.001.
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plementary Fig. 1B). To determine whether A/A KO DMAbs expressed in vivo, mice were administered 100 µg 
of either CIS43 GL-2 A/A or L9 GL A/A with CD4/CD8 T cell depleted to observed prolonged DMAb expres-
sion. CIS43 GL-2 A/A showed robust expression in vivo at Day 21, while L9 GL A/A showed a more modest 
expression profile (Fig. 3C). From these data, we conclude that complement knockout Fc modifications of CIS43 
GL-2 and L9 GL do not impair binding to recombinant CSP or in vivo expression.

Complement knockout Fc variants do not impact protection compared to wild‑type in a mos‑
quito bite challenge model. To investigate whether the complement knockout Fc variants enhanced pro-
tection in a challenge setting, mice were administered 150 µg of total DMAb (100 µg of CIS43 GL-2 and 50 µg 
of L9 GL) both with either WT Fc domains (“WT Fc”) or knockout Fc domains “D270A/K322A”). Mice were 
co-administered anti-CD4/CD8 T cell depletion for prolonged DMAb expression. After 21 days, mice were chal-
lenged with mosquito bites, liver burden was measured via IVIS, and blood smears were taken 4–10 days post 
challenge (Fig. 3D). On Day 18, serum was taken to assess in vivo DMAb expression prior to challenge. Both the 
WT Fc and D270A/K322A DMAb cocktail had similar expression profiles at Day 18 (Fig. 3E). One mouse in the 
D270A/K322A group died for irrelevant reasons during challenge and was excluded from assessment. As meas-
ured by IVIS, total bioluminescence was significantly decreased in the livers of mice receiving the WT Fc cock-
tail, complement knockout cocktail, or the positive control mAb 311 relative to naïve infected animals (Fig. 3F). 
As such, percent inhibition relative to naive infected animals was similar in all treatment groups (Fig. 3G). In 
terms of protection from blood stage parasitemia, both the WT Fc and D270A/K322A KO cocktails conferred 
comparable protection, with 4 of 7 mice in the WT Fc group and 4 of 6 mice in the D270A/K322A group achiev-
ing protection (Fig. 3H). These data demonstrate that Fc variants to ablate complement deposition do not impact 
protection from blood stage infection in a challenge model with two anti-malarial DMAbs. This indicates that 
epitope binding is the major mechanism of protection from challenge in this model system.

Discussion
It is an important goal to develop improved vaccines and prophylactics for malaria. Vaccine efficacy studies 
have established that the surface protein CSP is a viable sporozoite stage  target56. The licensed malaria vaccine 
RTS,S/AS01 targets CSP. However, this vaccine provides a limited protection as over a median four year follow-
up period the estimate of protective efficacy in children aged 5–17 months is 28% after three immunizations 
and 36% after a booster dose provided 20 months after the first immunization. In infants aged 6–12 weeks the 
efficacy was 18% after three immunizations and 26% after the booster  dose4,9–11. Trials utilizing CSP-based vac-
cines have established a possible relationship between their efficacy and anti-CSP antibodies. A distinct correlate 
of protection is still unknown; these studies focus attention on protection generated by serological immunity to 
 CSP57–59. In addition to vaccine candidates targeting CSP, monoclonal antibodies have been isolated from malaria 
survivors and vaccinees against various CSP epitopes. The central NANP repeat region of CSP is conserved and 
immunodominant, representing a common target for anti-CSP  antibodies22,60,61. However, other regions of CSP, 
such as the junctional epitope bridging the N terminus and NANP repeats, have elicited potent IgG antibodies. 
Antibodies isolated from vaccinees targeting this junctional epitope demonstrate protection in murine models 
of  malaria21,62. Additionally, it has been reported that the junctional epitope, minor repeat, and major repeat are 
each independently protective and are required for mAbs CIS43, L9, and 317  respectively63.

Monoclonal antibodies have been evaluated for infectious disease prophylaxis or therapy. Palivizumab is an 
FDA-approved humanized murine mAb targeting the F protein of respiratory syncytial  virus64,65. Additionally, 
a modified version of CSP junctional-epitope targeting mAb CIS43, CIS43LS, has become the first anti-malarial 
mAb to complete a Phase I clinical trial. CIS43LS contains mutations designed to increase plasma half-life and 
has demonstrated efficacy in CHMI  models25.

Here, we demonstrated that human malarial mAbs administered using a synthetic DNA platform can elicit 
expression both in vitro and in vivo. We observed that amino acid modifications, as well as encoding heavy 
and light chains on dual plasmids, allowed for enhanced DMAb expression, showing the importance of in 
silico modifications for high titer systemic human IgG expression of gene-encoded antibodies. The protective 
capacity of anti-malarial GL DMAbs have been determined using a well-characterized and rigorous mosquito 
bite challenge  model22,66,67. As a control, we compared all DMAbs to recombinant human monoclonal antibody 
mAb 311; as it has been shown that 311 confers dose-dependent protection in rigorous mosquito bite challenge 
 models67. CIS43 GL, 317 GL, and the triple DMAb cocktail were administered 21 days prior to challenge and 
elicited sterile protection similar to or better than recombinant mAb 311 administered 16 h before challenge. 
Recombinant mAbs, which are produced in vitro using human cells, are being constantly degraded in vivo post 
infusion. However, DNA-encoded mAbs are being assembled and secreted from transfected cells in vivo, enabling 
a unique production and degradation rate. Plasmid DNA delivery via electroporation has demonstrated safety 
and tolerability in tens of thousands of people in various prophylactic and therapeutic clinical  trials68–71, and 
a DNA vaccine for SARS-CoV-2 has been approved under Emergency Use  Authorization72. DMAbs are a new 
approach utilizing plasmid DNA as a delivery platform. Additionally, DMAbs leverage the stability, mobility, 
and safety profile of plasmid DNA, allowing for potential distribution in cold-chain limited settings as compared 
with recombinant  IgG73. In vivo expression of DMAbs has been reported in rodent, pig, and NHP  models35,74. 
Based on these preclinical data, future studies to address safety and potency of the DMAb platform in humans 
may be of importance.

In this study, complement abrogating Fc mutations on anti-CSP human DMAbs did not associate with 
increased or decreased protection. We sought to leverage the DMAb platform as a specific tool to test the effect 
of complement on sporozoite stage immunity mediated by monoclonal antibodies. Mutations to enhance or 
abrogate complement activity may be especially useful in the context of merozoite antigens. Multiple antigens, 
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particularly in the merozoite stage of the parasitic life cycle, are particularly susceptible to  complement75. It has 
been demonstrated that human mAbs that are able to fix complement to merozoites correlate with  protection76. 
The data presented here support that substantial protection can be mediated by direct CSP relevant epitope 
binding in challenge models. There is still a possibility for the role of complement-independent FcR mediated 
opsonization. However, early studies have shown that Fab monomers of anti-CSP antibodies are also protective 
in vivo as with the entire  IgG77.

Previous studies have demonstrated that DMAb cocktails can be delivered to target multiple different antigens 
on the same  pathogen33,36. Such an approach could be employed to target multiple antigens in the same or differ-
ent stages in the parasitic life cycle. While monoclonal antibody infusions may provide short term protection for 
an activity such as travel, an anti-PfCSP DMAb such as CIS43 GL or 317 GL could be useful due to its potential 
for long-term transient expression. In addition, a combination vaccine and immunotherapy approach using a 
vaccine with a DMAb could provide short- and long-term field immunity, as initial studies have demonstrated 
with a DNA vaccine and DMAb targeting chikungunya  virus37.

This study demonstrates the potential of synthetic DNA delivered mAbs  targeting PfCSP for malaria prophy-
laxis. This is the first demonstration of a DNA-encoded antibody as malaria prophylaxis, an approach which 
potentially provides benefits such as prolonged serum half-life as well as protection in a transient fashion. 
Leveraging the safety profile of DNA vaccines in humans as well as recent advances in DNA vaccine technol-
ogy, the DMAb platform allows for rapid design, in silico modifications, and in vivo production of antibody. 
Systemic expression of human IgG if established to be safe and potent in humans could represent a valuable tool 
for malaria elimination.

Methods
DMAb construction and plasmid synthesis. The sequences used for all DMAbs were derived from 
the sequences for anti-PfCSP monoclonal antibodies CIS43 (PDB 6B5M), 317 (PDB 6AXL), and L9 (GenBank 
MT811865 and MT811893). The nucleotide sequences for both heavy and light chain Fab and Fc regions of each 
clone were codon-optimized for mouse and human to enhance transgene expression. In addition, N terminal 
framework modifications were introduced in both heavy and light chains. Based on an analysis using the IGMT 
DomainGapAlign Tool, select amino acid residues in the framework region were reverted back to the germline 
immunoglobulin gene sequence of highest  similarity44–46. The optimized HC and LC sequences were inserted 
into a single plasmid or dual plasmid system with HC and LC encoded on separate plasmids. In either case, a 
pVAX plasmid DNA expression vector was used. The genes were under the control of a human cytomegalovirus 
promoter as well as a bovine growth hormone polyA. The HC and LC were encoded separately into individual 
pVAX expression vectors.

Cell lines and transfection. Expi293F transfection kit (Thermo Fisher Scientific, Waltham, MA, USA) 
was used for all transfections. Protocol was followed per manufacturers specifications. Briefly, Expi293F cells 
were maintained in Expi293 Expression Medium. Cells were incubated on an orbital shaker at 37 °C in 8%  CO2 
conditions. For transfection, 2 ×  106 Expi293F cells were plated in 2 mL Expression Medium per well above 95% 
viability. DNA plasmids were added to Opti-MEM media separately from ExpiFectamine transfection reagent. 
After a 5 min incubation, the DNA and ExpiFectamine were combined for 20 min to allow for complexation. The 
DNA plasmid complex was then added to Expi293F cells. After 18 h, Transfection Enhancers were added. Three 
days after the addition of Transfection Enhancers, cell supernatants were collected for further experimentation.

Quantification ELISA. For quantification of transfection supernatants and sera, ThermoFisher MaxiSorp 
96-well plates (Thermo Fisher Scientific, Waltham, MA, USA) were coated with 5 µg  mL−1 goat anti-human IgG-
Fc (Bethyl Laboratories, Montgomery, TX, USA) overnight at 4 °C. The following day, each plate was washed 
with PBS (Corning Inc., Corning, NY, USA) + 0.01% Tween-20 (ThermoFisher, Waltham, MA, USA) (PBS-T) 
four times (4×). Plates were then blocked with 5% milk in PBS for 2 h at RT. Upon completion of blocking, plates 
were washed again 4× with PBS-T and samples diluted in 1% NCS in PBS-T were transferred to plates for a 1 h 
incubation at RT. A standard curve was generated using purified human IgGκ or IgGλ (Bethyl Laboratories, 
Montgomery, TX, USA). Plates were subsequently washed and goat anti-human IgGκ or IgGλ HRP-conjugated 
secondary antibody (Bethyl Laboratories) was diluted to 1:10,000 and transferred onto plates for 1 h at RT. After 
secondary incubation, plates were washed 4× and developed using OPD Substrate Tablets (Thermo Scientific) 
for 10 min in the dark and stopped with 2 N  H2SO4. The Biotek Synergy 2 plate reader was used to read absorb-
ance at 450 nm.

Binding ELISA. For binding detection of transfection supernatants and sera, the ELISA protocol is as 
described above. However, recombinant CSP (rCSP) at a concentration of 1  µg   mL−1 was used as coat pro-
tein. The secondary antibody used was HRP-conjugated goat anti-human Fc (Bethyl Laboratories). In addition, 
1-Step™ Ultra TMB (Thermo Scientific) was used as detection substrate and allowed to incubate for 5 min before 
quenching with 2 N  H2SO4. Finally, the sera incubation occurred for 1 h at 37 °C rather than at RT. The Biotek 
Synergy 2 plate reader was used to read absorbance at 450 nm.

Animal experiments and immunizations. Female BALB/cJ mice at 6–8 weeks of age were purchased 
from the Jackson Laboratory. Animal experiments were conducted under protocol #201236 where activities and 
ethics were approved by the Wistar Institute Institutional Animal Care and Use Committee (IACUC). Challenge 
studies were performed at Johns Hopkins University (JHU) under IACUC number MO16H35 where activities 
and ethics were approved by JHU. All methods were performed in accordance with the relevant guidelines and 
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regulations set forth by the Guide for the Care and Use of Laboratory Animals and the Wistar/JHU IACUC com-
mittees. Immunizations and challenge are reported according to ARRIVE guidelines. All animals were housed in 
the Wistar Institute or JHU Animal Facilities.

For the in vivo expression experiments, mice were immunized with DNA plasmids intramuscularly (IM) in 
the left and right tibialis anterior (TA) muscle and/or left and right quadriceps. A maximum of 50 µg of DNA 
was administered at any particular site in the muscle. A total of 100 µg or 200 µg of DMAb plasmid was admin-
istered depending on the study, with a maximum DNA dose of 100 µg per leg split between the tibialis anterior 
and quadriceps. DNA mixed in sterile water was co-formulated with hyaluronidase (200 U/L, Sigma Aldrich, 
Saint Louis, MO, USA) at a 1:1 ratio. A total of 30 µL was injected IM at each site. After IM injection, mice were 
electroporated at each injection site using the CELLECTRA 3P adaptive electroporation device (Inovio Pharma-
ceuticals, Bluebell, PA, USA). For studies with CD4+ and CD8+ T cell depletion, 200 µg each of anti-CD4 (Bio X 
Cell clone GK1.5) and anti-CD8 (Bio X Cell clone YTS169.4) mAbs were administered intraperitoneally 5 min 
prior to DMAb administration to avoid an anti-human antibody response as we have  described32,33. Exclusion 
criteria apply only to challenge if a mouse did not demonstrate detectable DMAb expression as stated above. 
Mice were not randomized and investigators were not blinded.

Mosquito bite challenge model. Sixteen hours prior to challenge, the positive control group received 
100 µg of mAb 311 intraperitoneally. On the day of challenge, mice were challenged as  described48 by exposure to 
the bites of 5 Anopheles stephensi mosquitos infected with transgenic Plasmodium berghei sporozoites expressing 
full-length Plasmodium falciparum CSP, as well as a luciferase reporter to visually quantify liver parasite bur-
den (PbPfLuc). Following challenge, mosquitos were evaluated for being positive for blood meal. Liver parasite 
burden was examined 42 h post mosquito bite challenge using IVIS Spectrum In Vivo Imaging System (Perki-
nElmer). Mice were intraperitoneally administered 100 µL of d-Luciferin at a concentration of 30 mg  mL−1 prior 
to isoflurane anesthetization and imaging using IVIS Spectrum. Readout was bioluminescence expressed by the 
PbPfLuc parasites as measured in photons/s. Beginning at four and proceeding daily until ten days post chal-
lenge, blood smears were conducted to determine the appearance of blood-stage infection. For the challenge in 
Fig. 1, the positive and negative controls were historical as we have published in Ref.47.

Statistical analyses. All statistical computations were performed using PRISM v8.4.3. To achieve statisti-
cal significance in animal expression and challenge studies, n = 5 mice/group was used. Kaplan–Meier survival 
curves were used to present percent blood-stage parasitemia-free mice in challenged groups. We performed 
ordinary one-way analysis of variance (ANOVA) to determine statistical significance between groups of three or 
more (Tukey’s multiple comparison test) where necessary, as well as two-tailed Mann Whitney Tests where treat-
ment groups were compared to negative control. Percent inhibition of liver infection was calculated by dividing 
the geometric mean bioluminescence of a treatment group by the geometric mean bioluminescence of the pVAX 
negative control and subtracting the result from 1. Survival curves were analyzed using Log-rank (Mantel Cox) 
test. For these data to be considered statistically significant, p < 0.05.

Data availability
Data will be made available upon request to the corresponding author though may be subject to a Material 
Transfer Agreement between institutions.

Received: 1 March 2022; Accepted: 6 May 2022

References
 1. WHO. World Malaria Report 2021 (World Health Organization, 2021).
 2. Snow, R. W., Guerra, C. A., Noor, A. M., Myint, H. Y. & Hay, S. I. The global distribution of clinical episodes of Plasmodium falci-

parum malaria. Nature 434(7030), 214–217 (2005).
 3. Milner, D. A. Jr. Malaria pathogenesis. Cold Spring Harb. Perspect. Med. 8(1), a025569 (2018).
 4. Mahmoudi, S. & Keshavarz, H. Efficacy of phase 3 trial of RTS, S/AS01 malaria vaccine: The need for an alternative development 

plan. Hum. Vaccin. Immunother. 13(9), 2098–2101 (2017).
 5. Florens, L. et al. A proteomic view of the Plasmodium falciparum life cycle. Nature 419(6906), 520–526 (2002).
 6. Ménard, R. et al. Circumsporozoite protein is required for development of malaria sporozoites in mosquitoes. Nature 385(6614), 

336–340 (1997).
 7. Aldrich, C. et al. Roles of the amino terminal region and repeat region of the Plasmodium berghei circumsporozoite protein in 

parasite infectivity. PLoS One 7(2), e32524 (2012).
 8. Zavala, F. et al. Rationale for development of a synthetic vaccine against Plasmodium falciparum malaria. Science 228(4706), 

1436–1440 (1985).
 9. 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(2), 86–91 (1997).
 10. RTS S Clinical Trials Partnership. 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(9988), 31–45 (2015).
 11. Zavala, F. RTS, S: The first malaria vaccine. J. Clin. Investig. 132(1), 4880–4894 (2022).
 12. Datoo, M. S. et al. Efficacy of a low-dose candidate malaria vaccine, R21 in adjuvant Matrix-M, with seasonal administration to 

children in Burkina Faso: A randomised controlled trial. Lancet 397(10287), 1809–1818 (2021).
 13. Moorthy, V. & Binka, F. R21/Matrix-M: A second malaria vaccine?. Lancet 397(10287), 1782–1783 (2021).
 14. Hoffman, S. L. et al. Development of a metabolically active, non-replicating sporozoite vaccine to prevent Plasmodium falciparum 

malaria. Hum. Vaccin. 6(1), 97–106 (2010).
 15. Seder, R. A. et al. Protection against malaria by intravenous immunization with a nonreplicating sporozoite vaccine. Science 

341(6152), 1359–1365 (2013).



10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:14313  | https://doi.org/10.1038/s41598-022-18375-6

www.nature.com/scientificreports/

 16. Oneko, M. et al. Safety, immunogenicity and efficacy of PfSPZ Vaccine against malaria in infants in western Kenya: A double-blind, 
randomized, placebo-controlled phase 2 trial. Nat. Med. 27(9), 1636–1645 (2021).

 17. Sulyok, Z. et al. Heterologous protection against malaria by a simple chemoattenuated PfSPZ vaccine regimen in a randomized 
trial. Nat. Commun. 12(1), 2518 (2021).

 18. Sissoko, M. S. et al. Safety and efficacy of PfSPZ Vaccine against Plasmodium falciparum via direct venous inoculation in healthy 
malaria-exposed adults in Mali: A randomised, double-blind phase 1 trial. Lancet Infect. Dis 17(5), 498–509 (2017).

 19. Roestenberg, M. et al. A double-blind, placebo-controlled phase 1/2a trial of the genetically attenuated malaria vaccine PfSPZ-
GA1. Sci. Transl. Med. 12(544), eaaz5629 (2020).

 20. Goh, Y. S., McGuire, D. & Rénia, L. Vaccination with sporozoites: Models and correlates of protection. Front. Immunol. 10, 1227 
(2019).

 21. 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(4), 408–416 (2018).

 22. Oyen, D. et al. Structural basis for antibody recognition of the NANP repeats in Plasmodium falciparum circumsporozoite protein. 
Proc. Natl. Acad. Sci. 114(48), E10438–E10445 (2017).

 23. Wang, L. T. et al. A potent anti-malarial human monoclonal antibody targets circumsporozoite protein minor repeats and neutral-
izes sporozoites in the liver. Immunity 53(4), 733–44.e8 (2020).

 24. Kisalu, N. K. et al. Enhancing durability of CIS43 monoclonal antibody by Fc mutation or AAV delivery for malaria prevention. 
JCI Insight. 6(3), e143958 (2021).

 25. Gaudinski, M. R. et al. A monoclonal antibody for malaria prevention. N. Engl. J. Med. 385(9), 803–814 (2021).
 26. Low, J. G. et al. Phase 1 trial of a therapeutic anti-yellow fever virus human antibody. N. Engl. J. Med. 383(5), 452–459 (2020).
 27. Copin, R. et al. The monoclonal antibody combination REGEN-COV protects against SARS-CoV-2 mutational escape in preclinical 

and human studies. Cell 184(15), 3949–61.e11 (2021).
 28. Zost, S. J. et al. Potently neutralizing and protective human antibodies against SARS-CoV-2. Nature 584(7821), 443–449 (2020).
 29. Loo, Y.-M., McTamney, P. M., Arends, R. H., Gasser, R. A., Abram, M. E., Aksyuk, A. et al. AZD7442 demonstrates prophylactic 

and therapeutic efficacy in non-human primates and extended half-life in humans. medRxiv. 2021:2021.08.30.21262666.
 30. Patel, A., Bah, M. A. & Weiner, D. B. In vivo delivery of nucleic acid-encoded monoclonal antibodies. BioDrugs 34(3), 273–293 

(2020).
 31. Kelley, B. Industrialization of mAb production technology: The bioprocessing industry at a crossroads. MAbs 1(5), 443–452 (2009).
 32. Patel, A. et al. An engineered bispecific DNA-encoded IgG antibody protects against Pseudomonas aeruginosa in a pneumonia 

challenge model. Nat. Commun. 8(1), 637 (2017).
 33. Patel, A. et al. In vivo delivery of synthetic human DNA-encoded monoclonal antibodies protect against ebolavirus infection in a 

mouse model. Cell Rep. 25(7), 1982–93.e4 (2018).
 34. Elliott, S. T. C. et al. DMAb inoculation of synthetic cross reactive antibodies protects against lethal influenza A and B infections. 

NPJ Vaccines. 2(1), 18 (2017).
 35. Wise, M. C. et al. In vivo delivery of synthetic DNA-encoded antibodies induces broad HIV-1-neutralizing activity. J. Clin. Investig. 

130(2), 827–837 (2020).
 36. Flingai, S. et al. Protection against dengue disease by synthetic nucleic acid antibody prophylaxis/immunotherapy. Sci. Rep. 5, 

12616 (2015).
 37. Muthumani, K. et al. Rapid and long-term immunity elicited by DNA-encoded antibody prophylaxis and DNA vaccination against 

Chikungunya virus. J. Infect. Dis. 214(3), 369–378 (2016).
 38. Duperret, E. K. et al. Synthetic DNA-encoded monoclonal antibody delivery of anti-CTLA-4 antibodies induces tumor shrinkage 

in vivo. Cancer Res. 78(22), 6363–6370 (2018).
 39. Parzych, E. M. et al. Synthetic DNA delivery of an optimized and engineered monoclonal antibody provides rapid and prolonged 

protection against experimental gonococcal infection. MBio 12(2), e00242-e321 (2021).
 40. Diebolder, C. A. et al. Complement is activated by IgG hexamers assembled at the cell surface. Science 343(6176), 1260–1263 

(2014).
 41. Kurtovic, L. et al. Human antibodies activate complement against Plasmodium falciparum sporozoites, and are associated with 

protection against malaria in children. BMC Med. 16(1), 61 (2018).
 42. Kurtovic, L. et al. Induction and decay of functional complement-fixing antibodies by the RTS, S malaria vaccine in children, and 

a negative impact of malaria exposure. BMC Med. 17(1), 45 (2019).
 43. Behet, M. C. et al. The complement system contributes to functional antibody-mediated responses induced by immunization with 

Plasmodium falciparum malaria sporozoites. Infect. Immun. 86(7), e00920-e1017 (2018).
 44. Ehrenmann, F., Kaas, Q. & Lefranc, M.-P. IMGT/3Dstructure-DB and IMGT/DomainGapAlign: A database and a tool for immu-

noglobulins or antibodies, T cell receptors, MHC, IgSF and MhcSF. Nucleic Acids Res. 38(suppl_1), D301–D307 (2009).
 45. Ehrenmann, F. & Lefranc, M.-P. IMGT/DomainGapAlign: IMGT standardized analysis of amino acid sequences of variable, 

constant, and groove domains (IG, TR, MH, IgSF, MhSF). Cold Spring Harb. Protoc. 2011(6), 5636 (2011).
 46. Scaviner, D., Barbié, V., Ruiz, M. & Lefranc, M. P. Protein displays of the human immunoglobulin heavy, kappa and lambda variable 

and joining regions. Exp. Clin. Immunogenet. 16(4), 234–240 (1999).
 47. Reeder, S. M. et al. Strategic variants of CSP delivered as SynDNA vaccines demonstrate heterogeneity of immunogenicity and 

protection from Plasmodium infection in a murine model. Infect. Immun. 89(10), e0072820 (2021).
 48. Flores-Garcia, Y. et al. Optimization of an in vivo model to study immunity to Plasmodium falciparum pre-erythrocytic stages. 

Malar. J. 18(1), 426 (2019).
 49. Hezareh, M., Hessell, A. J., Jensen, R. C., van de Winkel, J. G. & Parren, P. W. Effector function activities of a panel of mutants of 

a broadly neutralizing antibody against human immunodeficiency virus type 1. J. Virol. 75(24), 12161–12168 (2001).
 50. Bruhns, P. & Jönsson, F. Mouse and human FcR effector functions. Immunol. Rev. 268(1), 25–51 (2015).
 51. Gulati, S. et al. Complement alone drives efficacy of a chimeric antigonococcal monoclonal antibody. PLoS Biol. 17(6), e3000323 

(2019).
 52. Idusogie, E. E. et al. Engineered antibodies with increased activity to recruit complement. J. Immunol. 166(4), 2571–2575 (2001).
 53. Bogdanovich, S. et al. Human IgG1 antibodies suppress angiogenesis in a target-independent manner. Signal Transduct. Target. 

Ther. 1(1), 15001 (2016).
 54. Duncan, A. R. & Winter, G. The binding site for C1q on IgG. Nature 332(6166), 738–740 (1988).
 55. Idusogie, E. E. et al. Mapping of the C1q binding site on rituxan, a chimeric antibody with a human IgG1 Fc. J. Immunol. 164(8), 

4178–4184 (2000).
 56. Yoshida, N., Nussenzweig, R. S., Potocnjak, P., Nussenzweig, V. & Aikawa, M. Hybridoma produces protective antibodies directed 

against the sporozoite stage of malaria parasite. Science 207(4426), 71–73 (1980).
 57. Foquet, L. et al. Vaccine-induced monoclonal antibodies targeting circumsporozoite protein prevent Plasmodium falciparum 

infection. J. Clin. Investig. 124(1), 140–144 (2014).
 58. Dobaño, C. et al. Concentration and avidity of antibodies to different circumsporozoite epitopes correlate with RTS, S/AS01E 

malaria vaccine efficacy. Nat. Commun. 10(1), 2174 (2019).
 59. McCall, M. B. B., Kremsner, P. G. & Mordmüller, B. Correlating efficacy and immunogenicity in malaria vaccine trials. Semin. 

Immunol. 39, 52–64 (2018).



11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:14313  | https://doi.org/10.1038/s41598-022-18375-6

www.nature.com/scientificreports/

 60. Tan, J., Piccoli, L. & Lanzavecchia, A. The antibody response to Plasmodium falciparum: Cues for vaccine design and the discovery 
of receptor-based antibodies. Annu. Rev. Immunol. 37(1), 225–246 (2018).

 61. Julien, J.-P. & Wardemann, H. Antibodies against Plasmodium falciparum malaria at the molecular level. Nat. Rev. Immunol. 19(12), 
761–775 (2019).

 62. Tan, J. et al. A public antibody lineage that potently inhibits malaria infection through dual binding to the circumsporozoite protein. 
Nat. Med. 24(4), 401–407 (2018).

 63. Flores-Garcia, Y. et al. The P. falciparum CSP repeat region contains three distinct epitopes required for protection by antibodies 
in vivo. PLoS Pathog. 17(11), e1010042 (2021).

 64. The IMpact-RSV Study Group. Palivizumab, a humanized respiratory syncytial virus monoclonal antibody, reduces hospitalization 
from respiratory syncytial virus infection in high-risk infants. Pediatrics 102(3), 531–537 (1998).

 65. Boeckh, M. et al. Phase 1 evaluation of the respiratory syncytial virus-specific monoclonal antibody palivizumab in recipients of 
hematopoietic stem cell transplants. J. Infect. Dis. 184(3), 350–354 (2001).

 66. Pholcharee, T. et al. Diverse antibody responses to conserved structural motifs in Plasmodium falciparum circumsporozoite protein. 
J. Mol. Biol. 432(4), 1048–1063 (2020).

 67. Raghunandan, R. et al. Characterization of two in vivo challenge models to measure functional activity of monoclonal antibodies 
to Plasmodium falciparum circumsporozoite protein. Malar. J. 19(1), 113 (2020).

 68. De Rosa, S. C. et al. Robust antibody and cellular responses induced by DNA-only vaccination for HIV. JCI Insight. 5(13), e137079 
(2020).

 69. Trimble, C. L. et al. Safety, efficacy, and immunogenicity of VGX-3100, a therapeutic synthetic DNA vaccine targeting human papil-
lomavirus 16 and 18 E6 and E7 proteins for cervical intraepithelial neoplasia 2/3: A randomised, double-blind, placebo-controlled 
phase 2b trial. Lancet 386(10008), 2078–2088 (2015).

 70. Tebas, P. et al. Safety and immunogenicity of INO-4800 DNA vaccine against SARS-CoV-2: A preliminary report of an open-label, 
Phase 1 clinical trial. eClinicalMedicine. 31, 100689 (2021).

 71. Tebas, P. et al. Safety and immunogenicity of an anti-Zika virus DNA vaccine. N. Engl. J. Med. 385(12), e35 (2017).
 72. Khobragade, A. et al. Efficacy, safety, and immunogenicity of the DNA SARS-CoV-2 vaccine (ZyCoV-D): The interim efficacy 

results of a phase 3, randomised, double-blind, placebo-controlled study in India. Lancet 399(10332), 1313–1321 (2022).
 73. Kutzler, M. A. & Weiner, D. B. DNA vaccines: Ready for prime time?. Nat. Rev. Genet. 9(10), 776–788 (2008).
 74. McNee, A. et al. Establishment of a pig influenza challenge model for evaluation of monoclonal antibody delivery platforms. JIm-

munol. 205(3), 648–660 (2020).
 75. Reiling, L. et al. Targets of complement-fixing antibodies in protective immunity against malaria in children. Nat. Commun. 10(1), 

610 (2019).
 76. Boyle Michelle, J. et al. Human antibodies fix complement to inhibit Plasmodium falciparum invasion of erythrocytes and are 

associated with protection against malaria. Immunity 42(3), 580–590 (2015).
 77. Potocnjak, P., Yoshida, N., Nussenzweig, R. S. & Nussenzweig, V. Monovalent fragments (Fab) of monoclonal antibodies to a 

sporozoite surface antigen (Pb44) protect mice against malarial infection. J. Exp. Med. 151(6), 1504–1513 (1980).

Acknowledgements
We would like to thank The Wistar Institute Core facilities, particularly the Animal Facility for providing care to 
the animals. Y.F-G., S. M-T., B. S-J., and F.Z. thank the Bill & Melinda Gates Foundation and Bloomberg Philan-
thropies for continued support. Some graphical figures created with Biorender.com. This research was supported 
by Bill & Melinda Gates Foundation award OP1180809 and Inovio Pharmaceuticals Vaccines SRA 21-04. D.B.W. 
is supported by the W. W. Smith Charitable Trust Professorship in Cancer Research.

Author contributions
N.J.T., R.E., and D.B.W. conceptualized the project. N.J.T., S.M.R., R.E., A.P., F.Z., and D.B.W. planned the 
experiments. N.J.T., S.M.R., Y.F.-G., M.A.B., S.M-T., B.S-J., R.E., Z.X., and J.D.C. conducted experiments. L.M.H. 
contributed crucial reagents or equipment. N.J.T., A.P., F.Z., and D.B.W. analyzed the data. N.J.T., A.P., F.Z., and 
D.B.W. wrote the paper. All authors reviewed the manuscript.

Competing interests 
L.M.H is an employee of Inovio Pharmaceuticals and as such receives salary and benefits, including ownership 
of stock and stock options, from the company. D.B.W. has received grant funding,  speaking honoraria, fees 
for consulting, and participates in industry collaborations, including serving on scientific review committees 
and board series. Remuneration received by D.B.W. includes direct payments, stock or stock options, and in 
the interest of disclosure D.B.W. discloses the following paid associations with commercial partners: GeneOne 
(Consultant), Geneos (Advisory Board), AstraZeneca (Advisory Board, Speaker), Inovio (BOD, SRA, Stock), 
Sanofi (Advisory Board), BBI (Advisory Board). N.J.T., S.M.R., Y.F-G., M.A.B., S. M-T., B. S-J., R.E., Z.X., J.D.C., 
A.P., and F.Z. have no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 18375-6.

Correspondence and requests for materials should be addressed to D.B.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-022-18375-6
https://doi.org/10.1038/s41598-022-18375-6
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:14313  | https://doi.org/10.1038/s41598-022-18375-6

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Engineered DNA-encoded monoclonal antibodies targeting Plasmodium falciparum circumsporozoite protein confer single dose protection in a murine malaria challenge model
	Results
	Characterization of germline-modified variant CIS43 GL DMAb. 
	CIS43 GL DMAb protects in a mosquito bite challenge model. 
	Characterization of 317 GL and L9 GL germline-modified DMAbs. 
	Multiple anti-CSP DMAbs protect in a mosquito bite challenge model. 
	Characterization of complement knockout variants of anti-malarial DMAbs. 
	Complement knockout Fc variants do not impact protection compared to wild-type in a mosquito bite challenge model. 

	Discussion
	Methods
	DMAb construction and plasmid synthesis. 
	Cell lines and transfection. 
	Quantification ELISA. 
	Binding ELISA. 
	Animal experiments and immunizations. 
	Mosquito bite challenge model. 
	Statistical analyses. 

	References
	Acknowledgements


