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SUMMARY

Malaria transmission-blocking vaccine candidates Pfs25-EPA and Pfs230D1-EPA
target sexual stage development of Plasmodium falciparum parasites in the mos-
quito host, thereby reducing mosquito infectivity. When formulated on Alhydro-
gel, Pfs25-EPA has demonstrated safety and immunogenicity in a phase 1 field
trial, while Pfs230D1-EPA has shown superior activity to Pfs25-EPA in a phase
1 US trial and has entered phase 2 field trials. Development continues to enhance
immunogenicity of these candidates toward producing a vaccine to reduce ma-
laria transmission (VRMT) with both pre-erythrocytic (i.e., anti-infection) and
transmission-blocking components. GSK Adjuvant Systems have demonstrated
successful potency in pre-erythrocytic vaccine trials and might offer a common
platform for VRMT development. Here, we describe preclinical evaluations of
Pfs25-EPA and Pfs230D1-EPA nanoparticles with GSK platforms. Formulations
were stable after a series of assessments and induced superior antibody titers
and functional activity in CD-1 mice, compared to Alhydrogel formulations of
the same antigens.

INTRODUCTION

Malaria is a devastating global health problem; an estimated 241 million cases and 627,000 deaths

occurred in 2020, with the majority of cases and deaths caused by Plasmodium falciparum.1 Global malaria

cases have not seen any significant reduction since 2015, and converging threats including (but not limited

to) the COVID-19 pandemic and emerging antimalarial drug resistance have contributed to recent in-

creases in cases and deaths worldwide.1 In 2021, the World Health Organization (WHO) recommended

broader deployment across Africa of RTS,S/AS01E, the world’s first malaria vaccine, but emphasized

that new tools and approaches are still needed to pursue elimination.1

Vaccine development has targeted various stages of the parasite life cycle (e.g., pre-erythrocytic, blood

stage, and sexual stage). RTS,S targets the pre-erythrocytic stage, to prevent or stop parasite infection

before progression from the human liver to the bloodstream. Transmission-blocking vaccines (TBVs) focus

on sexual stages of the parasite, designed to impede development of parasites inside the mosquito. By

reducing mosquito infectivity, TBVs aim to halt propagation of the parasite to other human hosts, perhaps

eliminating it from an affected population.2 Two leading TBV candidates are Pfs25 and Pfs230D1, currently

being developed and evaluated in clinical trials.

Pfs25 is a P. falciparum surface protein expressed during zygote and ookinete stages in infected mosqui-

toes.3 Previous gene knockout experiments suggested its importance for parasite survival inside the mos-

quito midgut.2,4 Furthermore, a double-knockout study on P. berghei showed loss of Pfs25 results in

reduced ookinete invasion into midgut epithelial cells.5,6 Lastly, antibodies raised against recombinant

Pfs25 have been shown to halt parasite development within mosquitoes.7

Pfs230 is a large protein (>300 kDa) expressed early in gametocytogenesis, remaining associated with the

surface of the emerged gamete after being ingested in a blood meal by a mosquito.8,9 The current vaccine

candidate encompasses domain 1 of Pfs230 cloned and expressed in P. pastoris (referred to as Pfs230D1).10

Previous experiments demonstratedmale gametes with a disrupted Pfs230 gene are unable to interact with
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erythrocytes and form exflagellation centers.11 Antibodies raised against Pfs230 bind the surface of gam-

etes, reducing P. falciparum infectivity to mosquitoes, and can lyse gametes in the presence of comple-

ment.12 Anti-Pfs230 antibodies have also been observed in naturally exposed individuals.2,13,14 These

data collectively supported Pfs25 and Pfs230 as important promising TBV candidates to advance into clin-

ical trials.

TBV clinical development has focused on improving immunogenicity of Pfs25 and Pfs230D1 through conju-

gation to various carrier proteins and formulation with different adjuvants. Recent studies have demon-

strated immunogenicity of these antigens can be significantly enhanced when conjugated to carrier pro-

teins such as OMPC (the outer-membrane protein complex of Neisseria meningitidis) or rEPA

(recombinant nontoxic Pseudomonas aeruginosa ExoProtein A) to form nanoparticles.15–18 Pfs25 form-

ulations with adjuvants such as Montanide ISA 51 or Alhydrogel have been evaluated in phase 1 clinical

trials.3,19 Pfs25 monomer formulated in ISA 51 adjuvant was found to be too reactogenic for further devel-

opment.3 Pfs25-EPA formulated on Alhydrogel was well tolerated and immunogenic in both US naive vol-

unteers19 and Mali exposed populations,20 but questions remained as to whether it was sufficiently potent

and durable to reduce malaria transmission. Pfs230D1-EPA was recently shown to induce superior activity

compared to Pfs25-EPA when formulated on Alhydrogel in US naive populations10 and has now advanced

to phase 1 (clinicaltrials.gov ID NCT02334462) and phase 2 community field trials (clinicaltrials.gov ID

NCT03917654) in Mali.

Preclinical evidence suggested TBV co-administrations might enhance vaccine activity,21 and we previously

proposed that Pfs25 should be assessed in co-administration with other antigens to improve human vac-

cine activity.20 We evaluated Pfs25-EPA co-administered with Pfs230D1-EPA (both formulated in Alhydro-

gel) in US naive populations and found that co-administration conferred no advantage over single

antigens.10 We investigate here whether this pattern remains consistent with other adjuvants.

The Adjuvant System AS01 from GSK emerged as a promising option due to its ability to safely enhance

both humoral and cellular responses. The pediatric dose, called AS01E, is currently used for formulation

of RTS,S,22–26 while the adult dose, called AS01B, is used in the licensed shingles vaccine SHINGRIX.

AS01 is a liposomal preparation that incorporates the Toll-like receptor 4 (TLR4) ligand 3-O-desacyl-

40-monophosphoryl lipid A (MPL) and the saponin fractionQuillaja saponaria 21 (QS-21).23 Here, we report

preclinical studies using nanoparticles Pfs25-EPA and Pfs230D1-EPA17,27 formulated with AS0123 as single

antigens or as a co-administered antigen combination. We tested quality and stability of the formulations

and evaluated immunogenicity and transmission-blocking activity (TBA) compared to other formulations

including Alhydrogel and (for Pfs25-EPA) the alternative GSK adjuvant, AS04, that contains an aluminum

salt and MPL.28 This comparison allowed us to evaluate the single TLR4 immunostimulant on a known sta-

ble delivery platform for Pfs25-EPA (aluminum salt) versus AS01 containing both MPL and the saponin QS-

21 immunostimulants in a liposomal platform.

RESULTS

Formulation studies

A series of formulation studies including assessments of aspecific adsorption, nanoparticle integrity, ag-

gregation, stability, and liposome integrity (described in the supplementary text) confirmed that each an-

tigen formulation was stable at varying temperatures. Detailed outcomes of each formulation study are

provided in the supplementary text and presented in Figures S1–S7.

Study 1: Evaluation of Pfs25 monomer and nanoparticles in various adjuvants

Pfs25 vaccine formulations in AS01, AS04, Alhydrogel, as well as unconjugated Pfs25 monomer in AS01,

were evaluated for immunogenicity and functional activity in CD-1 mice.

Immunogenicity in CD-1 mice

Antibody responses against Pfs25-EPA formulated in different adjuvants and administered at different dos-

ages were measured by ELISA. High-dose groups were followed for 223 days (for Pfs25M-EPA/Alhydrogel

and Pfs25/AS01) or 230 days (for Pfs25-EPA/AS01 and Pfs25-EPA/AS04) to determine duration of re-

sponses. On day 42 and for all doses tested, Pfs25-EPA formulated in AS01 induced significantly higher

antibody levels than unconjugated Pfs25 formulated in AS01 (p < 0.0001 for each dose); both GSK vaccine
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formulations (AS01 and AS04) induced significantly higher antibody levels than Pfs25-EPA formulated in Al-

hydrogel (p < 0.05 for low and medium doses; p < 0.001 for high dose) (Figure 1A). In analyses of the decay

rate between day 42 and day 223/230, titers induced by Pfs25-EPA formulated in AS01 were more durable

than those induced by unconjugated Pfs25 formulated in AS01 (p < 0.05); no significant differences were

observed among other formulations (Figure 1B).

Serum functional activity post-vaccination and end of study

To assess TBA induced by vaccines, standard membrane feeding assays (SMFAs) were performed on

pooled, heat-inactivated serum samples collected at day 42 (2 weeks post-dose 2) and at end of study

(day 223 or day 230; �28 weeks post-dose 2), from CD-1 mice that received the 3 mg dose of Pfs25 vaccine

formulations. At both time points, antisera against all conjugated Pfs25-EPA nanoparticles significantly

reduced oocyst counts when compared to naive controls, unlike antisera against the Pfs25 monomer (Fig-

ure 2). At day 42, Pfs25-EPA/AS01 showed significant oocyst reduction compared to Pfs25-EPA/Alhydrogel,

but the difference between these groups was not statistically significant at end of study (Figure 2A). At end

of study, all conjugated Pfs25-EPA nanoparticles induced significantly greater serum TBA compared to

both naive control and the Pfs25 monomer in AS01 (Figure 2B).

ELISpot analysis of bone marrow plasma cells (BMPCs)

BMPCs were recovered from 3 mg-dose groups on day 42 and at the end of study 1 (day 223 or day 230).

Similar to the results for day 42 (data not shown), the mean number of antibody-secreting cells (ASCs)/

million bone marrow cells at the end of the study was greatest (997) in the Pfs25-EPA/AS01-formulated

group, and all EPA-conjugated antigens (regardless of adjuvant) induced significantly higher ASCs than

the Pfs25 monomer in AS01 (Figure 3). AS04 produced a substantially lower mean number of ASCs (350),

followed by Alhydrogel (�30), but these differences were not statistically significant (Figure 3A). These

BMPC levels correlated with ELISA units for all Pfs25 immunogens except the Pfs25 monomer (Figure 3B).

Study 2: Evaluation of Pfs25 and Pfs230D1 conjugated nanoparticles, alone or as a co-

administered combination, in AS01 versus Alhydrogel

Antibody responses induced by Pfs25-EPA, by Pfs230D1-EPA, or by the combination (co-administered)

were compared when formulated in either Alhydrogel or AS01 and administered to CD-1 mice. At each

Figure 1. Immunogenicity of Pfs25 with or without conjugation to EPA, formulated with AS01, AS04, or

Alhydrogel adjuvants, at varying doses in mice

(A) Antibody levels (ELISA units) are presented as box (median with lower and upper quartiles) and whisker (minimum to

maximum) plots with individual data points overlaid, grouped by dose, and colored according to formulation and

adjuvant. Significant differences were assessed between vaccine groups within each dosing group by Kruskal-Wallis with

Dunn’s test for multiple comparisons. Significant Dunn’s adjusted p values are presented as asterisks: *p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001.

(B) In animals that received 3 mg vaccine doses, antibody responses were measured to assess durability over 223 or

230 days post-vaccination, presented as medians with error bars indicating interquartile range. Differences between

antibody decay rates resulting from each vaccine were assessed by comparing slopes of linear regression lines; significant

difference is indicated by single asterisk (*p < 0.05) between the Pfs25-EPA/AS01 and Pfs25/AS01 group.
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dose tested, AS01 formulations induced significantly higher anti-Pfs25 and anti-Pfs230D1 immunoglobulin

G (IgG) levels (Figure 4) than the corresponding Alhydrogel formulations measured 2 weeks post-dose 2

(study day 42). In general, co-administration of Pfs25-EPA and Pfs230D1-EPA did not significantly alter

the IgG levels measured by ELISA against either antigen, when compared to immunization with Pfs25 or

Pfs230D1 antigen alone with AS01 (Figure 4). However, at the highest antigen dose (3 mg) with Alhydrogel,

both anti-Pfs25 and anti-Pfs230D1 IgG levels were significantly lower in animals that received co-adminis-

tered Pfs25+Pfs230D1 versus Pfs25 or Pfs230D1 alone (p < 0.05).

Study 3: Evaluation of Pfs230D1 monomer versus conjugated nanoparticle in saline and

Alhydrogel

We assessed the effect of protein-protein conjugation on the immunogenicity of Pfs230D1 antigen in saline

and Alhydrogel formulations. We observed that Pfs230D1-EPA induces higher antibody levels than uncon-

jugated Pfs230D1 monomer in either formulation, and these differences were significant at the 2.5 mg

Pfs230D1 antigen dose (Figure S8).10

Study 4: Evaluation of Pfs230D1 conjugated nanoparticle in AS01 versus Alhydrogel

To confirm the effects of adjuvant on Pfs230D1-EPA immunogenicity, antibody responses were compared

when Pfs230D1-EPA was formulated in either Alhydrogel or AS01 and administered to CD-1 mice. ELISA

analyses confirmed superior immunogenicity of Pfs230D1-EPA formulated in AS01 compared to Alhydro-

gel (Figure S9), with total IgG levels similar to those measured in Study 2.

Study 5: Evaluation of two independent Pfs230D1-EPA conjugate lots in AS01

We assessed total IgG and IgG subclasses induced by two separate preparations of Pfs230D1-EPA

(Research and Reference Lots) formulated with AS01 at 0.03, 0.3, 1, and 3 mg doses. Total IgG levels in these

mice (Figure S10) were similar between the two vaccine lots and comparable to those measured earlier for

our Pfs230D1-EPA/AS01 formulations at similar doses (Figures 4 and S9). These studies confirmed dura-

bility of anti-Pfs230D1 antibodies by ELISA through at least 18 weeks post-vaccination (Figure S10).

In our prior studies, we showed that mice immunized with Pfs230D1-EPA/Alhydrogel developed a domi-

nant IgG1 isotype response,16,29 which is non-complement fixing in mice. Conversely, the profile induced

by Pfs230D1-EPA/AS01 in this study indicated a mixed subclass response with preferential IgG2a/2b

Figure 2. Pfs25 conjugated nanoparticles in different adjuvants, but not unconjugated monomer in AS01, induce

durable functional activity

Standard membrane feeding assays (SMFA) were performed to evaluate Pfs25 vaccine-induced transmission-reducing

activity (oocyst reduction in mosquito midguts). SMFA were performed on (A) Day 42 and (B) at end of Study 1 (Day 223 or

230) in mice that received 3 mg vaccine doses. Data are presented as mean with error bars indicating 95%CI. Differences in

SMFA oocyst counts between adjuvants were analyzed by Kruskal-Wallis with Dunn’s test for multiple comparisons.

Significant Dunn’s adjusted p-values are presented as asterisks: *p < 0.05; **p < 0.01; ***p < 0.001; ****p % 0.0001.
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antibodies (Figure 5), similar to our prior studies of Pfs230D1-EPA formulated with the AS01-biosimilar

adjuvant, Glucopyranosyl Lipid A-liposome Quillaja saponaria 21 (GLA-LSQ).29 In the current study,

IgG1, IgG2a, IgG2b, and IgG3 levels were comparable at both 2 and 18 weeks post-dose 2 and between

Research and Reference Lots.

Pooled sera from CD-1 mice immunized with either of two lots of Pfs230D1 conjugated nanoparticles in

AS01 in study 5 were also studied in SMFA in the presence of complement. The results confirmed serum

functional activity at 2 weeks post-vaccination, and activity persisted at least 18 weeks post-vaccination

with antigen doses ranging from 0.3 to 3 mg Pfs230D1 (Figure S11).

Functional activity in the absence or presence of complement

Pfs230D1 anti-serum or antibody TBA has been shown to be complement dependent, including for

Pfs230D1-EPA vaccine.10,30 SMFAs were performed without or with human complement. Each sample

was a pool of sera from the group of 10 mice on day 42 (2 weeks post-dose 2) from study 2.

In the absence of complement, groups receiving Pfs25, Pfs230D1, or co-administered Pfs25+Pfs230D1 in

either adjuvant did not significantly differ in their serum functional activity to reduce oocyst levels on mos-

quito midguts (Figure 6). However, in the presence of complement, AS01 formulations conferred signifi-

cantly greater serum oocyst reduction activity than Alhydrogel formulations of Pfs230D1 alone (Figure 6B)

and co-administered Pfs25+Pfs230D1 (Figure 6C), but not Pfs25 alone (Figure 6A). Pfs230D1-EPA/AS01

enhanced serum functional activity (compared to Pfs230D1-EPA/Alhydrogel) after vaccination with 0.3

and 1 mg doses, with significantly lower oocyst counts in the SMFA test (p < 0.0001, p < 0.001, respectively)

(Figure 6B). Co-administration of Pfs25-EPA + Pfs230D1-EPA in AS01 induced 100% blocking activity at

doses of 0.3, 1, and 3 mg, when assayed in the presence of intact human complement (Figure 6C). These

data are presented in terms of functional activity (transmission-reducing activity [TRA] and TBA) in

Figure S12.

DISCUSSION

Pfs25 and Pfs230 are two leading malaria TBV candidate antigens, targeting sexual stages of the parasite

within the mosquito host. When conjugated to carrier protein EPA and formulated in Alhydrogel, Pfs25 has

been shown to be well tolerated and immunogenic in phase 1 trials in both US naive volunteers19 and a

malaria-exposed population in Mali20; Pfs230D1 has been shown to induce superior activity to Pfs25 in

Figure 3. Pfs25-specific bone marrow plasma cell numbers were highest with Pfs25-EPA nanoparticle formulated

in AS01

(A) Bone marrow plasma cells induced by Pfs25 vaccine formulations were quantified by ELISpot; data are presented as

mean with error bars indicating 95% CI, and differences between vaccine groups were assessed by Kruskal-Wallis with

Dunn’s test for multiple comparisons. Significant Dunn’s adjusted p values are presented as asterisks: **p < 0.01; ***p =

0.001; ****p < 0.0001.

(B) Anti-Pfs25 IgG titers by bone marrow plasma cell count are presented. Spearman’s correlation values are presented in

the embedded table.
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US naive volunteers10 and has progressed to phase 2 field trials in Mali (clinicaltrials.gov ID NCT02334462;

NCT03917654). TBV development is now focused on enhancing immunogenicity, potency, and durability of

response by testing antigen formulations with different carrier proteins and adjuvants. GSK Adjuvant Sys-

tems are promising platforms that have successfully enhanced immunogenicity of pre-erythrocytic malaria

vaccines (i.e., WHO-recommended RTS,S) and might provide a common platform to combine pre-erythro-

cytic and transmission-blocking antigens toward a vaccine to reducemalaria transmission (VRMT). Here, we

conducted preclinical studies comparatively assessing Pfs25 and Pfs230D1, formulated alone or in combi-

nation with Alhydrogel, AS01, or AS04 (for Pfs25 only).

We first assessed the stability of TBV antigens formulated in GSK adjuvants. Formulations of Pfs25-EPA and

Pfs230D1-EPA in liposomal adjuvant AS01 proved to be stable at varying temperatures. Based on the

observation that protein content decreased over time during our aspecific adsorption assessment, we

limited storage of diluted protein to less than 24 h at +4�C for each antigen and in practice used prepara-

tions within 6 h. In addition, as differential scanning calorimetry results showed both antigens underwent

transitions before 40�C, we limited working temperatures to approximately 20�C–25�C (ambient temper-

ature) for up to 30 min to allow for injections at ambient. In practice all formulations were stored at 2�C–
8�C for a period of less than 6 h from time of formulation to injection. Analyses were performed on samples

taken on each day of injection (particle sizing and SDS-PAGE analysis of formulated antigens) to confirm

formulation stability at the post-injection time point as compared with both reference standard and pre-

immunization samples. All formulations remained stable from the time of formulation through immuniza-

tion for studies 1, 2, 4, and 5 (see supplementary text).

We then assessed immunogenicity of Pfs25 with or without conjugation to EPA and formulated with Alhy-

drogel, AS01, or AS04 adjuvants at varying doses in CD-1 mice (study 1; Figures 1–3). Two weeks post-dose

2 and at each dose tested, the nanoparticle Pfs25-EPA adjuvanted with AS01 produced significantly higher

titers to Pfs25 antigen than the Pfs25 monomer with AS01 or Pfs25-EPA on Alhydrogel. Antibody responses

to Pfs25-EPA were higher at all time points in the AS01 group than in the AS04 group. In addition, antibody

responses to the Pfs25-EPA nanoparticle in AS01 decayed at a significantly slower rate than the Pfs25

monomer in AS01. An ELISpot analysis of Pfs25-specific BMPCs showed the highest number of BMPCs

were induced by AS01, followed by AS04 and Alhydrogel. The Pfs25-EPA nanoparticle induced higher

Figure 4. AS01 induces higher IgG levels than Alhydrogel against Pfs25-EPA and Pfs230D1-EPA, when tested as

single or co-administered antigens

(A) Anti-Pfs25 IgG and (B) anti-Pfs230 IgG antibody levels are presented as geometric means with error bars indicating

95%CI, with individual data points overlayed, grouped by dose and colored by adjuvant (blue/purple = Alhydrogel, red/

orange = AS01 (containing a dose of 2.5 mgMPL/2.5 mgQS-21). Solid dots indicate mouse groups receiving Pfs25 alone or

Pfs230 alone; empty dots indicate mouse groups receiving Pfs25 combined with Pfs230. ǂBlack dots indicate Pfs25-EPA

alone formulated with the higher 5 mgMPL/5 mgQS-21 dose of AS01. Differences between adjuvant formulations for each

dose received were analyzed by Kruskal-Wallis with Dunn’s test for multiple comparisons. Significant Dunn’s adjusted

p values are presented as asterisks: *p < 0.05; **p < 0.01; ***p < 0.001; ****p % 0.0001.

See also Figures S8–S10.

ll
OPEN ACCESS

6 iScience 26, 107192, July 21, 2023

iScience
Article

http://clinicaltrials.gov


levels of BMPCs (which correlated with ELISA units) than the Pfs25 monomer in AS01 (which did not corre-

late with ELISA units).

We subsequently compared immunogenicity conferred by Pfs25-EPA and Pfs230D1-EPA, formulated on

Alhydrogel or AS01 and delivered either alone or co-administered (study 2; Figures 4 and 6). AS01 formu-

lations induced higher anti-Pfs25 and anti-Pfs230D1 IgG titers versus Alhydrogel for all doses of antigen.

Varying the dose of AS01 did not significantly affect titers for Pfs25. High-dose Pfs25 and Pfs230D1 single

antigens gave higher titers than the co-administered Pfs25+Pfs230D1 formulations on Alhydrogel, but not

in AS01. In SMFA testing, co-administered antigens had no evidence of increased activity over single an-

tigens, as has also been reported in nonhuman primate studies and human trials,10,31 albeit here the

Pfs230D1 single antigen induced nearly complete TBA versus the co-administered Pfs25+Pfs230D1 com-

bination that induced complete TBA. This might be explained in part by the high activity of the antigens

alone, particularly when formulated in AS01, which is difficult to improve on when measured by SMFA,

and also by negative immunologic interactions between the combined antigens, as seen with the Alhydro-

gel formulations (Figure S12). In an independent study (study 4; Figure S9), we confirmed that AS01 formu-

lations of Pfs230D1-EPA induced higher IgG titers versus Alhydrogel formulations for all doses of antigen.

Finally, we examined Pfs230D1-EPA/AS01 a third time (study 5; Figures 5, S10, and S11) to compare total

IgG and IgG subclass responses induced by two independently prepared Pfs230D1-EPA vaccine lots. Total

IgG responses measured in our standardized ELISA were consistent between the two vaccine lots, as well

as between the three studies that assessed Pfs230D1-EPA/AS01. In assessing IgG subclasses, Pfs230D1-

EPA/AS01 generated a balanced response, with relatively high IgG1, IgG2a, and IgG2b, as well as relatively

low levels of IgG3 that decayed disproportionately to the other subclasses between 2 and 18 weeks post-

vaccination. The Research Lot used in these preclinical studies was comparable to the Reference Lot, which

resembles Good Manufacturing Practices (GMP)-manufactured material for human use, according to their

isotype profile in AS01 adjuvant.

Human complement has enhanced serum functional activity induced by Pfs230D1-EPA in human trials.10 In

the studies here, the superiority of AS01 adjuvant over Alhydrogel for inducing functional Pfs230D1 anti-

sera activity was observed in the presence but not the absence of complement (study 2; Figure 6). Func-

tional activity of Pfs230D1-EPA/AS01 antisera was confirmed in a second study, where it persisted for at

least 18 weeks post-vaccination with Pfs230D1 doses of 0.3 mg and higher (study 5; Figure S10).

This study had limitations. Preclinical studies in animals are not fully predictive of human responses to vac-

cines and adjuvants, which can only be conclusively determined in clinical trials. Nevertheless, the dosing

for AS01 in mice had been recommended for mouse studies by the manufacturer. Functional serum activity

wasmeasured in the SMFA, the gold standard assay for this purpose; however, the reproducibility of results

is greatest with high levels of functional activity and is less reliable below 50%.

Figure 5. IgG subclasses show a mixed profile after immunization with Pfs230D1-EPA/AS01 (0.3 mg) in CD-1 mice

Sera from CD-1 mice immunized with Research and Reference Lots of Pfs230D1-EPA/AS01 were collected on (A) Day 42

(2 weeks post-dose 2) and on (B) Day 155 (18 weeks post-dose 2), and pooled to determine IgG subclasses. Research Lot

refers to the vaccine formulation used in these preclinical studies, while the Reference Lot more closely resembles the

cGMP-manufacturedmaterial for human use. Data are presented as means with error bars indicating standard error of the

mean of two technical replicates.
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Overall, these results show that conjugation to carrier protein EPA confers greater immunogenicity and

durability than unconjugated monomers of Pfs25 and Pfs230D1, and further, formulation of Pfs25 and

Pfs230D1 conjugates in AS01 induces greater immunogenicity and functional activity compared to Alhy-

drogel at the adjuvant doses tested. TBV development should continue to examine alternate adjuvants

and carriers to produce a more highly efficacious vaccine toward malaria elimination. AS01 is a promising

platform for multicomponent malaria vaccines to pursue this goal.
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Figure 6. Functional activities of Pfs25-EPA and Pfs230D1-EPA are dependent on the presence of complement

Standard membrane feeding assays (SMFA) were performed to evaluate (A) Pfs25 and (B) Pfs230D1, and (C)

Pfs25+Pfs230D1 vaccine-induced transmission-reducing activity (oocyst reduction in mosquito midguts). Sera from all

animals within vaccine dosing groups (see Figure 4) were pooled for feeding assays. All sample pools were run in the same

assay; baseline points are identical in all panels. Assays were run in either the presence or absence of complement. Data

are presented as oocyst counts on a log10 scale; an offset of +1 was applied to all values to account for raw values of 0.

Lines represent means with error bars indicating 95% CI. Differences in SMFA oocyst counts between adjuvants were

analyzed by Kruskal-Wallis with Dunn’s test for multiple comparisons. Significant Dunn’s adjusted p-values are presented

as asterisks: *p < 0.05; ***p < 0.001; ****p % 0.0001.

See also Figures S11 and S12.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

4B7 monoclonal antibody LMIV, NIAID, NIH N/A

Coat Anti-mouse IgG1 Southern Biotech. Cat No 1073-04

Coat Anti-mouse IgG2a Southern Biotech. Cat No 1083-04

Coat Anti-mouse IgG2b Southern Biotech. Cat No 1093-04

Coat Anti-mouse IgG2c Southern Biotech. Cat No 1077-04

Coat Anti-mouse IgG3 Southern Biotech. Cat No 1130-04

Biological samples

AB + naive human serum Interstate Blood Bank, Inc.,

Memphis, TN, USA

1/22/2016

Diagnostic Red Blood Cells Group

(O+) Anticoagulant: CPD

GRIFOLS BioSupplies, (formerly Interstate

Blood Bank, Inc., 5065 Covington Way,

Memphis TN, USA;

No cat number.

Chemicals, peptides, and recombinant proteins

Pfs25 LMIV, NIAID, NIH Ref #17

Pfs25-EPA LMIV, NIAID, NIH Ref #17

Pfs230D1-EPA LMIV, NIAID, NIH Ref #27

4X NuPAGE� LDS Sample Buffer ThermoFisher Scientific, Invitrogen Cat: NP0007

Critical commercial assays

Micro BCA Protein Assay Kit ThermoFisher Scientific, Pierce Cat: 23235

ELISpot Flex: Mouse IgG (ALP)

(ELISpot reagents and kit)

Mabtech, Inc 3825-2A

Experimental models: Organisms/strains

CD-1 mice Charles River https://www.criver.com/products-services/

find-model/cd-1r-igs-mouse?region=3611

Anopheles stephensi (Nijmegen) from Joep Meiwissen, The Catholic University

of the Netherlands, Neimegen Netherlands

and maintained since 1985 at NIH

Plasmodium falciparum, strain NF54(SH) Culture obtained in 2006 from Sanaria

Software and algorithms

Prism GraphPad Software Inc., La Jolla, CA https://www.graphpad.com/

R version 3.6.3. R Core Team and the R Foundation

for Statistical Computing

version 3.6.3

SoftMax Pro7software SMp7 Molecular Devices SMp7

Other

AS01 Glaxo Smith Kline Supplied by GSK and from

SHINGRIX kit A4X57

Alhydrogel� 2% CRODA, Denmark 4883, 5069,

AS04 Glaxo Smith Kline Supplied by GSK

Immuno 4 HBX plates ThermoFisher Scientific Lot 3855

Corning polystyrene flat bottom reading plate Corning Product Number: 3679

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

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

the lead contact, Patrick E. Duffy (patrick.duffy@nih.gov).

Materials availability

This study did not generate new unique reagents.

Data and code availability

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

d This paper does not report original code.

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

lead contact upon request.

EXPERIMENTAL MODEL DETAILS

All animal studies used healthy, female CD-1 mice aged 5 to 6 weeks old, and were performed in an

AAALAC-accredited facility in accordance with an animal study protocol guided and approved by the Insti-

tutional Animal Care and Use Committee (IACUC) at the National Institutes of Health. Animals (obtained

from Charles River Laboratories, Wilmington, MA or from Taconic Laboratories, Hudson, NY) were housed

in SPF-filtered micro-isolators; nestlets were used for enrichment with food and water administered ad

libitum.

METHOD DETAILS

Recombinant proteins and conjugated vaccine candidates

PpPfs25M is a Pichia-expressed recombinant Pfs25 with a molecular mass of 18,713 Da. EcEPA is an E. coli–

expressed recombinant protein with molecular mass of 66,975 Da. The Pfs25M-EPA conjugate was pro-

duced by reaction between thiolated PpPfs25M and maleimide-activated EcEPA, followed by purification

using size-exclusion chromatography.

PpPfs230D1M is a Pichia-expressed recombinant subsegment (S542–G736) of Pfs230 with a molecular mass

of 21,854 Da. EcEPA is an E. coli–expressed recombinant protein with molecular mass of 66,975 Da. The

Pfs230D1M-EPA conjugate was produced by reaction between thiolated PpPfs230D1M and maleimide-

activated EcEPA, followed by purification using size-exclusion chromatography.

Research lot refers to the vaccine formulation used in these preclinical studies, while the Reference Lot

used in the isotyping studies more closely resembles the cGMP-manufactured material for human use.

Formulation studies

Compatibility studies between Pfs25-EPA and Pfs230D1-EPA nanoparticles and AS01 were performed to

determine formulation stability. Assessments included aspecific adsorption, protein content, and intrinsic

fluorescence. Nanoparticle, liposome, and final formulation integrity were performed using SDS-PAGE and

a high throughput panel including differential scanning calorimetry (DSC). Nephelometry, turbidimetry and

dynamic light scattering (DLS) were performed on formulations prepared in duplicate. Detailed methods

for each formulation study are provided in the supplementary text.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Zetasizer Nano-ZS, ZEN 3600 particle size analyzer Malvern Panalytical, Inc. Zetasizer Nano-ZS, ZEN 3600

Immunospot analyzer CTL, Shaker Heights, OH

Spectramax M3 microplate reader Molecular Devices Co Spectramax M3
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Immunization and sampling of CD-1 mice

Except where stated, Alhydrogel was delivered to CD-1 mice at a final dose of 80 mg; formulations were

analyzed for antigen binding to Alhydrogel, and all products were 100% bound. Animals were bled via

mandibular vein during the study, with a final bleed via cardiac puncture at end of study. No adverse effects

were observed during study timepoints. Samples from these studies were tested for antibody responses by

ELISA, cellular responses by ELISpot, and functional activity by Standard Membrane Feeding Assay

(SMFA), to compare and evaluate various TBV antigens formulated with clinically tested adjuvant systems

from GSK.

Study 1: Evaluation of Pfs25 monomer and nanoparticles in various adjuvants

In Study 1, groups of 10 or 15 CD-1 mice were immunized by intramuscular (IM) injection on Days 0 and 28

with 50 mL of Pfs25 or Pfs25-EPA adjuvanted formulations. All 10 animals in each low (0.3 mg) and middle

(1 mg) dose group and 5 of the 15 animals in the high dose (3 mg) groups were terminated on Day 42.

The remaining 10 animals in the high dose groups were sampled every 28 days through Day 223 (for

Pfs25M-EPA/Alhydrogel and Pfs25/AS01) and Day 230 (for Pfs25-EPA/AS01 and Pfs25-EPA/AS04) to track

the duration of the Pfs25 antibody response. In this study, AS01 was delivered at a final dose per animal per

immunization day of 5 mgMPL and 5 mg QS-21 in the liposomal platform, AS04 was delivered at a final dose

of 5 mg MPL/50 mg aluminum hydroxide.

Study 2: Evaluation of Pfs25 and Pfs230D1 conjugated nanoparticles, alone or as a co-
administered combination, in AS01 versus Alhydrogel

In Study 2, groups of 10 mice were immunized IM on Days 0 and 28 with 50 mL of Pfs25-EPA, Pfs230D1-EPA,

or with both formulations co-administered in separate legs. Antigen doses ranging from 0.03 to 3 mg of

each target antigen were compared. In this study, an AS01 dose containing 2.5 mg MPL/2.5 mg QS-21

was used for individual formulations. Co-administered groups received a 5 mg MPL/5 mg QS-21 AS01 adju-

vant dose, divided between the two syringes. A single group of Pfs25-EPA with 5 mg MPL/5 mg QS-21 AS01

was included to allow comparisons to Study 1.

Study 3: Evaluation of Pfs230D1monomer versus conjugated nanoparticle in saline and Alhydrogel

In Study 3, groups of 10 mice were immunized IM with Pfs230D1 or Pfs230D1-EPA in a volume of 50 mL on

days 0 and day 28 regimen. Pfs230D1 antigen was administered at doses of 0.5 mg (Pfs230D1monomer and

Pfs230D1-EPA) or 2.5 mg (Pfs230D1 monomer). Alhydrogel was delivered at a final dose of 45 mg.

Study 4: Evaluation of Pfs230D1 conjugated nanoparticle in AS01 versus Alhydrogel

In Study 4, groups of 10 or 15 mice were immunized IM on Days 0 and 28 with 50 mL of Pfs230D1-EPA. Two

(Pfs230D1) antigen doses, 0.03 and 3 mg were compared. AS01 dose containing 2.5 mg MPL/2.5 mg QS-21

was used for individual formulations.

Study 5: Evaluation of two independent Pfs230D1-EPA conjugate lots in AS01

In Study 5, groups of 10 mice were immunized IM on Days 0 and 28 with 50 mL of Pfs230D1-EPA, using either

of two independent lots of Pfs230D1-EPA (Research Lot and Reference Lot). Four antigen doses ranging

from 0.03 to 3 mg of each target antigen were compared. An AS01 dose containing 2.5 mg MPL/2.5 mg

QS-21 was used for individual formulations.

Samples from these studies were variously examined in the following assays:

� Enzyme-linked Immunosorbent Assay (ELISA).

Antibody responses were measured by ELISA performed on Day 42 sera (2 weeks post-dose 2). Immulon 4

HBX flat bottom microtiter plates (Dynex Technologies) ELISA plates were coated with 1 mg/mL of antigen

in a volume of 100 mL per well in carbonate coating buffer (pH 9.6) overnight at 4�C. After blocking in 5%

skim milk in TBS blocking buffer in a volume of 320 mL per well for 2 h, samples were serially diluted in TBS/

5% milk and plated in triplicate in a volume of 100 mL per well and incubated at room temperature for 2 h.

Plates were washed 4 times and alkaline phosphatase–labeled goat anti-mouse IgG (H + L), goat anti-hu-

man IgG (H + L), or goat anti-monkey phosphatase labeled secondary antibody (Seracare Life Sciences,

catalog 5220-0303) was added in a volume of 100 mL per well and incubated at room temperature for
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2 h. After washing 4 times, dissolved phosphatase substrate tablets (MilliporeSigma) were added in a vol-

ume of 100 mL per well and plates were incubated for 20 min before the optical density (OD) was measured

with a Spectramax 340PC (Molecular Devices). Each ELISA plate contained an internal serum standard from

which a 4-parameter curve was calculated with Softmax software. According to laboratory standard oper-

ating procedures, any samples for which ELISA results from triplicate wells exceeded a prespecified coef-

ficient of variation were repeated. ELISA units were assigned to test samples based on the sera dilution that

gave an OD of 1.0, adjusted to the internal standard.

This assay uses standardized controls to account for interassay variability and provides reliable and consis-

tent results for both preclinical and clinically obtained sera samples.

� Standard Membrane Feeding Assays (SMFA).

To determine functional activity of Pfs25-EPA and Pfs230D1-EPA, a pool of 20 mL from the Day 42 sera from

each of the high dose (3 mg) groups (Study 1) or from each group (Study 2 and Study 5) was diluted with

40 mL of a naive AB + human serum pool (purchased from Interstate Blood Bank, Inc., Memphis, TN,

USA) with and without complement (Study 2) or with complement only (Study 5) and tested for the ability

to block oocyst development in the mosquito midgut. Serum was mixed with 100 mL of red blood cells in-

fected with P. falciparum parasite culture and fed to mosquitoes that were dissected 8 days later. Further

details of SMFA procedures have been previously described.32

� ELISpot analysis of bone marrow plasma cells.

Bone marrow plasma cells were recovered from the 3 mg dose groups on Days 42 and at the end of Study 1

(Day 223 and Day 230). The mouse IgG ELISpot was performed using reagents from Mabtech, Inc (Cincin-

nati, OH). Complete details of the assay are provided in the supplementary text.

� Antibody Isotyping.

Sera from CD-1 mice in Study 5 immunized with a Research and Reference Lot of Pfs230D1-EPA antigen

formulated with AS01 (2.5 mg MPL/2.5 mg QS-21) were collected on Day 42 (2 weeks post-dose 2) and on

Day 155 (18 weeks post-dose 2), and pooled to determine IgG subclasses. Research lot refers to the vaccine

formulation used in these preclinical studies, while the Reference Lot more closely resembles the cGMP-

manufactured material for human use.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad PRISM (San Diego, CA) software, version 8.0.1, and R

version 3.6.3.33 Differences in ELISA titers between groups were analyzed by Kruskal-Wallis with Dunn’s

test for multiple comparisons on Day 42 for both Study 1 and Study 2. p values < 0.05 were considered sig-

nificant. Differences in SMFA oocyst counts between adjuvants were analyzed by Kruskal-Wallis with Dunn’s

test for multiple comparisons. Differences between ELISpot ASC counts between vaccine formulations

were analyzed by Kruskal-Wallis with Dunn’s test for multiple comparisons.

Differences in repeated measures of antibody levels over time were compared between groups by GEE

modeling with exchangeable correlation. Differences in the durability of response were analyzed by com-

parisons of linear regression best fit slopes, using an established method for comparing two independent

samples.34 For Study 4, differences in ELISA titer between groups were analyzed by Mann-Whitney for Day

42 and 154 results. p values <0.05 were considered significant.

Sample sizes are indicated by individual data points or indicated in the figure legend.
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