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The malaria asexual blood-stage antigen PfRipr and its most immunogenic fragment PfRipr5 have recently risen as promising vaccine candidates against this infectious disease. Continued development of high-yielding, scalable production platforms is essential to advance the malaria vaccine research. Insect cells have supplied the production of numerous vaccine antigens in a fast and cost-effective manner; improving this platform further could prove key to its wider use. In this study, insect (Sf9 and High Five) and human (HEK293) cell hosts as well as process-optimizing strategies (new baculovirus construct designs and a culture temperature shift to hypothermic conditions) were employed to improve the production of the malaria asexual blood-stage vaccine candidate PfRipr5. Protein expression was maximized using High Five cells at CCI of 2 × 106 cell/mL and MOI of 0.1 pfu/cell (production yield = 0.49 mg/ml), with high-purity PfRipr5 binding to a conformational anti-PfRipr monoclonal antibody known to hold GIA activity and parasite PfRipr staining capacity. Further improvements in the PfRipr5 expression were achieved by designing novel expression vector sequences and performing a culture temperature shift to hypothermic culture conditions. Addition of one alanine (A) amino acid residue adjacent to the signal peptide cleavage site and a glycine-serine linker (GGSGG) between the PfRipr5 sequence and the purification tag (His6) induced a 2.2-fold increase in the expression of secreted PfRipr5 over using the expression vector with none of these additions. Performing a culture temperature shift from the standard 27–22°C at the time of infection improved the PfRipr5 expression by up to 1.7 fold. Notably, a synergistic effect was attained when combining both strategies, enabling to increase production yield post-purification by 5.2 fold, with similar protein quality (i.e., purity and binding to anti-PfRipr monoclonal antibody). This work highlights the potential of insect cells to produce the PfRipr5 malaria vaccine candidate and the importance of optimizing the expression vector and culture conditions to boost the expression of secreted proteins.
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1 INTRODUCTION
Development of a highly effective malaria vaccine is urgently needed for the control and eventual eradication of this disease. Currently, only the RTS,S/AS01 vaccine against Plasmodium falciparum has been recommended by the WHO for wider use, with modest efficacy (Vogel, 2021). While the RTS,S/AS01, the novel R21/Matrix-M (Datoo et al., 2021), and whole inactivated sporozoites focus on the pre-erythrocytic stage of the parasite’s life cycle, additional asexual blood-stage vaccines are desired. However, asexual blood-stage vaccine development efforts have been significantly hampered by target antigen polymorphism (Takala et al., 2009) and a redundancy of merozoite invasion pathways into the erythrocyte (Wright and Rayner, 2014). Recently, a heterotrimeric protein complex consisting of three highly conserved proteins (PfRh5, PfRipr, and CyRPA) was identified from P. falciparum merozoites as necessary to invade erythrocytes (Volz et al., 2016; Wong et al., 2019) presenting a promising vaccine target (Ragotte et al., 2020). Vaccine development efforts have mostly advanced regarding PfRh5, showing for the first time, a significant reduction in the parasite growth rate upon a controlled human malaria infection (Minassian et al., 2021). Recently, another component of the complex, the P. falciparum merozoite Rh5 interacting protein (PfRipr), has been shown to be highly conserved (Ntege et al., 2016). In particular, its most potent fragment PfRipr_5 (aa 720-934) (hereon referred as PfRipr5) induces the generation of antibodies with the merozoite invasion inhibitory capacity similar to that obtained when vaccinating with the full length PfRipr (Nagaoka et al., 2020).
Manufacturing relevant vaccine amounts demands robust, scalable, and cost-effective expression systems. Production of malaria vaccine candidate antigens has been widely explored using different cell hosts (Crosnier et al., 2013; Jones et al., 2013). Mammalian cells are an attractive option to produce therapeutic products requiring complex processing (Dumont et al., 2016), but its use to produce recombinant protein vaccines can be more costly and yield lower expression levels than other expression systems (Cid and Bolívar, 2021). Noteworthily, insect cells allow high production yields of mammalian-like recombinant proteins at reduced costs in short-time frames (Mena and Kamen, 2011), having been successfully used to produce Rh5 (Patel et al., 2013; Hjerrild et al., 2016).
Producing recombinant protein antigens as secreted products is of upmost importance to facilitate purification. Trafficking of proteins to the secretory pathway requires the use of a signal peptide (SP) at the N-terminus of the peptide sequence. The choice of the correct SP is essential for efficient recombinant protein secretion in insect cells (Olczak and Olczak, 2006; Soejima et al., 2013). Addition or substitution of amino acid residues with different characteristics to the N- and/or C-terminal of the SP sequence is often the key to improve protein secretion (Futatsumori-Sugai and Tsumoto, 2010; Ohmuro-Matsuyama and Yamaji, 2018). The use of an SP of insect origin may be necessary to drive an efficient expression of heterologous proteins (Tessier et al., 1991). In addition, an efficient SP cleavage is required for further protein processing in the endoplasmic reticulum (ER) and through the secretory pathway; prediction of the SP cleavage site (von Heijne, 1986) can give insights on whether a protein will be efficiently secreted or not, and suggest the addition of extra residues to the SP’s C-terminus to improve the probability of cleavage and consequent secretion.
Manipulation of cell culture conditions has proven efficient in modulating the cell phenotype toward improved growth and/or recombinant protein production (Vergara et al., 2018). Adaptive laboratory evolution approaches have shown great potential to develop high-producing cell lines (Yoon et al., 2006) or cell lines with more efficient nutrient utilization (Lee and Palsson, 2010). Single or multiple time-point shifts in the process parameters such as pH (Wang et al., 2011), dissolved oxygen concentration (Dick et al., 1994), temperature (Vergara et al., 2014), or a combination thereof (Tang et al., 2009; Paul et al., 2019) have also shown to significantly improve recombinant protein production and/or activity. Specifically for insect cells, the manipulation of culture temperature has been used to modulate cell growth (Reuveny et al., 1993), glycosylation potential (Donaldson et al., 1999), baculovirus replication (Shao-Hua et al., 1998), and recombinant protein production (Rossi et al., 2012). Lowering the culture temperature reduces metabolic activity and prolongs cell viability in the culture, promoting a higher protein expression (Fernandes et al., 2020).
In this work, the production of the malaria vaccine candidate PfRipr5 using insect cells was improved by optimizing the recombinant baculovirus (rBAC) expression vector and by performing a temperature shift to hypothermic conditions (27 → 22°C) at the time-of-infection (TOI).
2 MATERIALS AND METHODS
2.1 Cell Lines and Culture Media
Insect Sf9 (Invitrogen) and High Five (Invitrogen) cells were routinely sub-cultured at 0.4–1 × 106 cell/mL every 3–4 days when cell density reached 2–3 × 106 cell/mL in the Insect-XPRESSTM (Sartorius) and Sf-900TM II SFM (Thermo Fisher Scientific) medium, respectively. HEK293-E6 cells (NRC) (Durocher et al., 2002) were routinely sub-cultured at 0.5–0.6 × 106 cell/mL every 3–4 days, when cell density reached 2–3 × 106 cell/mL in the Free Style F17 (Thermo Fisher Scientific) medium supplemented with 4 mM GlutaMAX™ (Thermo Fisher Scientific), 0.1% Pluronic™ F-68 (Life Technologies) and 25 μg/ml of Geneticin (Thermo Fisher Scientific). Cells were cultured using 125–500 ml shake-flasks (Corning) with 10%–20% working volume. Insect Sf9 and High Five cells were maintained at 27°C in a shaking incubator (Inova 44R—Eppendorf) set to 100 rpm and with 2.54 cm shaking diameter. HEK 293 cells were maintained in a similar incubator at 37°C with 5% CO2 and the stirring rate set to 75 rpm.
2.2 Expression Vectors
PfRipr5 nucleotide sequence (Nagaoka et al., 2020) was codon-optimized for expression in insect or human cells, with an N-terminal gp67 SP sequence to allow secretion into the culture medium, a C-terminal His6-tag to allow purification, and a Kozak consensus sequence (GCCACT or ACC for human or insect expression plasmid, respectively) as the translation initiation site (synthetized by GenScript, Leiden, the Netherlands). Sequences were cloned into the pTT5 vector for expression in human HEK293 cells or into the pOET3 vector for expression in insect Sf9 and High Five cells. For PfRipr5 production optimization in insect cells, five additional expression vectors based on the original vector (hereon named rBAC gp67) were synthesized, comprising a different SP and/or additional amino acid residues: rBAC BVM (replace gp67 SP sequence by the bee venom melittin, BVM, SP sequence), rBAC A- (addition of one A spacer residue between the gp67 SP sequence and the PfRipr5 sequence), rBAC -GG (addition of a GG linker between the PfRipr5 sequence and the His6-tag), rBAC A-GG (addition of one A spacer residue between the gp67 SP sequence and the PfRipr5 sequence and addition of a GG linker between the PfRipr5 sequence and the His6-tag), and rBAC A-GGSGG (addition of one A spacer residue between the gp67 SP sequence and the PfRipr5 sequence and addition of a GGSGG linker between the PfRipr5 sequence and the His6-tag). Schematics of the constructs are depicted in Figure 3.
2.3 Baculovirus Generation, Amplification, and Storage
Six independent rBAC master viral stocks (MVS) were generated from the pOET3 expression vectors described previously using the flashback ULTRATM system (Oxford Expression Technologies) according to the manufacturer’s instruction. Amplification of MVS was performed as described elsewhere (Vieira et al., 2005). Briefly, the insect Sf9 cells were infected at a cell concentration at infection (CCI) of 1 × 106 cell/mL using a multiplicity of infection (MOI) of 0.1 plaque-forming units per viable cell (pfu/cell). When a cell viability of approximately 80% was reached, the supernatant was harvested by centrifugation at 200 × g and 4°C for 10 min and centrifugation at 2,000 × g and 4°C for 20 min. The clarified supernatant was aliquoted appropriately and stored at 4°C until further use.
2.4 Production of PfRipr5
2.4.1 Insect Cells as Host
PfRipr5 was produced in a 500 ml shake flask (SF) with 10% working volume and in 2 L glass-stirred tank bioreactors (STB).
In SF cultures, cells were seeded at 0.4–0.6 × 106 cell/mL and infections performed 1) at different combinations of CCI (1 and 2 × 106 cell/mL) and MOI (0.1 and 1 pfu/cell) for the initial assessment of PfRipr5 production using rBAC gp67, or 2) at CCI = 2 × 106 cell/mL and MOI = 0.1 pfu/cell for the optimization of PfRipr5 production using rBAC BVM, rBAC A-, rBAC -GG, rBAC A-GG, and rBAC A-GGSGG.
STB cultures were performed in computer-controlled BIOSTAT B-DCU 2 L vessels (Sartorius) equipped with two Rushton impellers, a sparger for gas supply, a water recirculation jacket for temperature control, and multiple ports for temperature, pH, and pO2 probes as well as for additions (e.g., culture medium) and sampling/harvesting of the cell culture. Cells were seeded at 0.4–0.6 × 106 cell/mL and infections performed at CCI = 2 × 106 cell/mL and MOI = 0.1 pfu/cell, using rBAC gp67 (initial assessment of PfRipr5 production) or rBAC A-GGSGG (optimization of PfRipr5 production). The pO2 was set to 30% of air saturation and was maintained by varying the agitation rate from 70 to 270 rpm and the percentage of O2 in the gas mixture from 0 to 100%. The gas flow rate was set to 0.01 vvm and temperature was kept at 27°C (initial assessment of PfRipr5 production) or changed to 22°C at TOI (optimization of PfRipr5 production). Bioreactors were operated with an initial working volume of 2 L.
2.4.2 Human Cells as Host
PfRipr5 was produced in 500 ml SF with 20% working volume and in 2 L glass STB.
For the productions in SF, cells were seeded at 0.5 × 106 cell/mL and transfected at ≈ 1.6 × 106 cell/mL with a mixture of pTT5-PfRipr5 plasmid (pDNA) and polyethyleneimine (PEI, Polysciences) cationic polymers prepared in 10% (v/v) of the total volume. Different combinations of the pDNA concentration ([pDNA] = 0.5 and 1 mg/L) and the pDNA:PEI ratio (1:2 and 1:1.5, w/w) were tested.
STB culture was performed in a 2 L STB set-up similar to insect cells. Cells were seeded at 0.5 × 106 cell/mL and transfected at ≈ 1.6 × 106 cell/mL with [pDNA] = 0.5 mg/L and pDNA:PEI ratio = 1:2. Culture pH was maintained at 7.4 using NaHCO3. The pO2 was set to 40% of air saturation and was maintained by varying the agitation rate from 70 to 270 rpm and the percentage of O2 in the gas mixture from 0 to 100%. The gas flow rate was set to 0.01 vvm and temperature was kept at 37°C. Bioreactors were operated with an initial working volume of 2 L.
2.5 Purification of PfRipr5
Purification of secreted PfRipr5 produced in STB was carried out on ÄKTA Explorer 100 systems (Cytiva). Cell culture bulk was harvested, filtered through 0.45 and 0.22 μm Sartopore 2 Midicap filter cartridges 10 (Sartorius), concentrated with a Sartocon disposable polyethersulfone (PES) membrane 2 × 0.1 m2 10 kDa (Sartorius), and filtered through a Nalgene cup 0.2 μm (Thermo Scientific). PfRipr5 was purified by immobilized metal ion affinity chromatography (IMAC) on a Histrap HP column (5 ml volume; Cytiva) equilibrated with 50 mM NaP, 500 mM NaCl, 5 mM DTT, and pH 8.0. After washing the column with the same buffer containing 500 mM imidazole, the protein was eluted with a linear imidazole gradient over 10 column volumes. The eluate was concentrated using AmiconUltra 15 Centrifugal filter unit 10 kDa (Merck Milipore), filtered through 0.2 μm, and loaded into a HiLoad 26/60 Superdex 75 gel permeation column (SEC) (Cytiva equilibrated with 16 mM NaP, 250 mM NaCl, 5 mM DTT, and pH 8.0). The eluate was concentrated using AmiconUltra 15 Centrifugal filter unit 10 kDa and loaded in a HiPrep desalting 26/10 column (Cytiva) equilibrated with 16 mM NaP, 250 mM NaCl, and pH 8.0 for removal of DTT. The eluate was concentrated using AmiconUltra 15 Centrifugal filter unit 10 kDa and filtered through 0.2 μm. The final sample was stored in 16 mM NaP, 250 mM NaCl, and pH 8.0 buffer formulation, aliquoted and stored at −80°C.
2.6 Analytics
2.6.1 Cell Concentration and Viability
Cell concentration and viability were assessed using a Cedex HiRes Analyzer (Roche).
2.6.2 SDS-PAGE and Western Blot
SDS-PAGE and western blot analyses were performed as reported previously (Correia et al., 2020). In particular, the reduced (R) samples were mixed with NuPAGE Sample Reducing Agent 1X and heated at 70°C for 10 min; non-reduced samples (NR) were mixed with water in replacement of the reducing agent. Both samples were run in the same gel (4%–12% Bis_Tris, NuPAGE). For PfRipr5 identification by western blot, anti-PfRipr5 antiserum generated in rabbits (Nagaoka et al., 2020) was used at a dilution 1:1,000. As the secondary antibody, an anti-rabbit IgG antibody conjugated with alkaline phosphatase was used at a dilution of 1:5,000. Protein band detection was performed with NBT/BCIP 1-Step (Thermo Scientific) for 10 min and membranes were scanned with a benchtop scanner device. The densitometry analysis of SDS-PAGE gels (to assess PfRipr5 protein purity) and western blot membranes (to assess relative productivity) was performed using FIJI software (Schindelin et al., 2012). The The PfRipr5 antigen generated by a wheat germ cell-free system (WGCFS) (Tsuboi et al., 2010; Nagaoka et al., 2020) was used in all membranes as the positive control for PfRipr5 detection and as a normalizing factor (i.e., band intensity of control = 1.0) for relative band intensity between samples in separate membranes.
2.6.3 Baculovirus Titration
Baculovirus infectious titers were determined using the MTT assay (Mena et al., 2003; Roldão et al., 2009).
2.6.4 Protein Concentration
Protein concentration was determined by spectrophotometry at 280 nm using the mySPEC equipment (VWR).
2.6.5 Dynamic Light Scattering
The size distribution of the purified PfRipr5 was analyzed by dynamic light scattering (DLS) on a Spectro Light 600 (Xtal Concepts).
2.6.6 Enzyme-Linked Immunosorbent Assay
Ninety-six well enzyme-linked immunosorbent assay (ELISA) plates (Greiner Bio-One, Kremsmünster, Austria) were coated with 50 μL of mouse anti-PfRipr mAb (clone 29B11) (produced as described in supplementary information), diluted to 2.5 μg/ml in a catcher buffer (25 mM carbonate buffer pH 9.6) and incubated at 4°C overnight. The plates were washed with phosphate-buffered saline (PBS) with 0.1% (v/v) Tween-20 (PBS-T) and then blocked with 200 μL 3% skimmed milk in PBS-T for 1 h at RT. Purified PfRipr5 was diluted in PBS, added to antibody-coated plates thrice, and incubated for 1 h at RT. After washing, the plates were incubated with 100 μL of th anti-PfRipr5 rabbit antiserum diluted 1:2,000 in PBS for 1 h at RT. After incubation, the plates were washed and incubated with HRP-conjugated anti-rabbit IgG (Cytiva) diluted 1:1,000 in PBS-T for 1 h at RT. The plates were washed and incubated for 15 min at RT with the TMB substrate solution (Thermo Scientific). The reaction was stopped with 2 M sulfuric acid, and the optical density (OD) was determined at 450 nm using a precision microplate reader (Molecular Devices, Sunnyvale, CA).
2.6.7 Surface Plasmon Resonance
Surface plasmon resonance (SPR) was performed with Biacore X100 (Cytiva). All the reagents and the sensor chip CM5 were purchased from Cytiva. Biacore X100 evaluation software was used for the analysis. A kinetic analysis was done with the mouse-antibody capture kit according to the manufacturer’s instructions. Fresh HBS-EP+ [10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.05% (v/v) surfactant P20] was used as the running buffer. The anti-PfRipr mouse mAb 29B11 (25 μg/ml) was injected into the anti-mouse antibody coated CM5. The purified PfRipr5 protein (18.8, 37.5, 75, 159, and 300 nM) was then injected. After subtracting the reference, individual association (ka) and dissociation (kd) rate constants were obtained by global fitting.
2.7 Statistical Analysis
Data are expressed as mean ± standard deviation. Differences were tested by using the unpaired t-test analysis method (p value < 0.05 was considered statistically significant, ns denotes non-statistically significant). Pearson’s correlation (r) was used to analyze the correlation between infection kinetics in SF and STB. One-way ANOVA was conducted by GraphPad Prism (Ver. 8.4.3).
2.8 Data Availability Statement
The sensitive nature of some of the reagents used in this study (e.g., cell lines, plasmids, baculoviruses, and antibodies) means that they are only readily available internally to the author’s institution staff for R&D purposes. For external researchers, the approval of reagents’ request may be obtained via email addressed to the corresponding author.
3 RESULTS
3.1 PfRipr5 Production in Insect and Human Cells
3.1.1 Optimizing Production Conditions
Production of PfRipr5 was assessed in small-scale SF cultures using 1) the insect (High Five and Sf9) cell-baculovirus expression vector system (IC-BEVS) and 2) PEI-mediated human (HEK293) cell transfection. Aiming at finding the best production conditions, insect cells were infected at different combinations of MOI (0.1 and 1 pfu/cell) and CCI (1 and 2 × 106 cell/mL) while human cells were transfected at different combinations of PfRipr5 [pDNA] (0.5 and 1 mg/L) and pDNA:PEI ratios (1:2 and 1:1.5).
Infection kinetics in IC-BEVS were in accordance with the different conditions tested, characterized by higher cell growth and delayed onset of cell viability drop when using lower MOI (Figure 1A). Similarly, different transfection conditions resulted in distinct cell growth and viability kinetics (Figure 1B). The PfRipr5 expression varied with the cell line and condition tested, this being favored in insect cells and when using low MOIs (Supplementary Figure S1). Time-of-harvest (TOH) for each cell line and condition tested was defined based on the PfRipr5 expression and cell viability, aiming for the latter to be above 65%–70% to avoid purification issues caused by overaccumulation of cell debris and intracellular content. For insect cells, TOH was set at days 2–3 post-infection while for human cells, the TOH was set at days 4–5 post-transfection. At the selected TOH, the concentration of PfRipr5 produced in insect cells was up to 17.2-fold higher than that obtained with the best-performing transfection condition in human cells (Figure 1C). Overall, the production conditions maximizing PfRipr5 concentration at TOH in insect and human cells were CCI = 2 × 106 cell/mL and MOI = 0.1 pfu/cell, and [pDNA] = 0.5 mg/L and pDNA:PEI ratio = 1:2, respectively, and thus used in subsequent studies.
[image: Figure 1]FIGURE 1 | Optimization of PfRipr5 production using insect cells. (A) Optimization strategies devised. (B) Relative PfRipr5 concentration at the TOH between each optimization condition and the baseline production setup (infection with rBAC gp67 without culture temperature shift). A denotes alanine, G denotes glycine, and S denotes serine. Infections were performed using CCI = 2 × 106 cell/mL and MOI = 0.1 pfu/cell. Data are expressed as mean ± standard deviation and is relative to three biological replicates (n = 3).
3.1.2 Production at Bioreactor Scale
Production of PfRipr5 in insect (High Five and Sf9) and human (HEK293) cells was demonstrated in computer-controlled 2 L STB, using previously optimized process conditions; SF cultures were used as the control. Purification was identical for all three production runs, and the production yield and quality of purified PfRipr5 were assessed and compared.
Insect cell concentrations and viability profiles were similar between STB and SF cultures; contrary to what was observed in human cells where higher cell concentration and viability were achieved in STB when compared to SF during the initial days of transfection (Supplementary Figure S2A). PfRipr5 expression in all cell lines was confirmed by using western blot analysis (Supplementary Figure S2B), with a relative PfRipr5 concentration at TOH being maximized in insect cells (Figure 2A), consistent with SF data.
[image: Figure 2]FIGURE 2 | Production of the PfRipr5 recombinant protein. (A) Kinetics of cell growth and viability upon infection of insect High Five (green) and Sf9 (orange) cells at different combinations of cell concentration at infection (CCI) and multiplicity of infection (MOI). (B) Kinetics of cell growth and viability upon transfection of human HEK293 cells at different combinations of the PfRipr5 plasSmid DNA (pDNA) concentration (pDNA) and ratio pDNA:PEI. (C) Relative PfRipr5 concentration at the time-of-harvest (TOH) of each production condition. Data are expressed as mean ± standard deviation. For insect cells, data are relative to three biological replicates (n = 3). For human cells, data are relative to one biological replicate (n = 1). For figure (A,B), VCC denotes viable cell concentration. For figure (C), relative PfRipr5 expression was assessed by a densitometry analysis of western blot (Supplementary Figure S1) as described in the M&M section; graph is normalized at 1 for the best condition using human cells [i.e., (pDNA) = 0.5 mg/L and ratio pDNA:PEI = 1:2 (w:w)].
Insect and human cell-derived PfRipr5 proteins were successfully purified, all of them being identified by SDS-PAGE (Figure 2B) and western blot (Supplementary Figure S2C) analyses; nonetheless, insect cell-derived proteins presented higher purity (Table 1). Despite this difference, a similar degree of polydispersity was observed in all purified PfRipr5 proteins as assessed by dynamic light scattering (Figure 2C). Binding of purified PfRipr5 proteins to anti-PfRipr mAb 29B11, which has previously shown to hold the growth inhibition assay (GIA) activity and parasite PfRipr staining capacity (Supplementary Figures S3A–B), was assessed by ELISA and SPR as a proxy for confirming the protein´s biological activity. In ELISA, PfRipr5 produced in insect cells showed improved binding (i.e., higher absorbance at similar protein concentrations) than those produced in human cells (Figure 2D). In SPR, the KD values could not be estimated for the protein produced in human cells because of its poor fitness with the model equation (Table 1), thus corroborating its poor binding as assessed by ELISA. The KD values obtained from the PfRipr5 produced in both insect cell lines showed no statistical difference (One-way ANOVA, p = 0.3885), suggesting that they have similar functionality. Noteworthily, the production yields after purification achieved in insect cells were 4–5-fold higher than in human cells (Table 1).
TABLE 1 | Summary of the production runs at 2 L STB scale.
[image: Table 1]Based on the aforementioned results, further production optimization was only performed in insect cells.
3.2 Optimizing PfRipr5 Production in Insect Cells: Exploring Different Baculovirus Constructs and Culture Conditions
Aiming to improve PfRipr5 production in insect cells, three different strategies were devised (Figure 3A): Strategy I—design new rBAC constructs; Strategy II—culture temperature shift at TOI; Strategy III—combine the new rBAC constructs with a culture temperature shift at TOI. The best process conditions identified before were herein used (CCI = 2 × 106 cell/mL and MOI = 0.1 pfu/cell); cultures were performed in small-scale SF. The fold-change improvement in the PfRipr5 expression is relative to non-optimized infection conditions, i.e., infection with rBAC gp67 construct at the standard culture temperature (27°C).
[image: Figure 3]FIGURE 3 | Production of PfRipr5 at 2 L stirred-tank bioreactor (STB) scale. (A) Relative PfRipr5 concentration at the TOH of each cell line. (B) SDS-PAGE of purified PfRipr5. (C) Size distribution profile of purified PfRipr5 assessed by dynamic light scattering. (D) ELISA of purified PfRipr5 using an anti-P. falciparum PfRipr mouse monoclonal antibody (mAb) 29B11. For figure (A): relative PfRipr5 expression was assessed by a densitometry analysis of western blot (Supplementary Figure S2B) as described in the M&M section. For figure (B): L denotes pre-stained protein standard SeeBlue® Plus2, R denotes reduced sample, NR denotes non-reduced sample. Data are relative to one biological replicate (n = 1).
In strategy I, rBAC constructs seem to have an impact on the PfRipr5 expression but not on the infection kinetics (Supplementary Figure S4A). Indeed, the PfRipr5 expression could be maximized using rBAC A-GGSGG (addition of the A spacer with the GGSGG linker), leading to a 2.2- and 1.6-fold improvement in the protein concentration of High Five and Sf9 cells, respectively (Figure 3B). In strategy II, lowering culture temperature at TOI reduced cell growth after infection and delayed the onset of cell viability drop ( ), and consequently TOH was set at days 4–5 post-infection; most importantly, this strategy induced a 1.7- and 1.6-fold increase in PfRipr5 concentration in High Five and Sf9 cells, respectively (Figure 3B). In strategy III, cell growth and viability kinetics mimic those observed in the previous strategy (Supplementary Figure S4C vs. Supplementary Figure S4B). Noteworthily, a synergistic effect of combining a new rBAC construct with a culture temperature shift at TOI was observed, allowing to improve the PfRipr5 expression by 3- and 4-fold in High Five and Sf9 cells, respectively (Figure 3B). Although the fold-change increase in PfRipr5 production (over non-optimized infection conditions) was higher in Sf9 cells, PfRipr5 concentration still remained superior in High Five cells. Thus, High Five cells were selected for the subsequent proof-of-concept production at a bioreactor scale.
3.3 Proof of Concept at 2 L Bioreactor Scale
PfRipr5 was produced in computer-controlled 2 L STB using the optimization strategy established previously, i.e., infection of insect High Five cells at CCI = 2 × 106 cell/mL and MOI = 0.1 pfu/cell with rBAC A-GGSGG and performing temperature shift (from 27 to 22°C) at the TOI. Purification was performed identically to previous STB runs, and the quality of the purified PfRipr5 was assessed by western blot, SDS-PAGE, DLS, ELISA, and SPR.
Cell growth and viability kinetics were identical to those previously observed in SF, allowing to harvest the culture at the expected TOH, i.e., 4 days post-infection (Figure 4A). Bands corresponding to PfRipr5 were identified by western blot both in bulk and purified materials (Figure 4B). The production yield achieved following purification was 2.55 mg/L, representing a 5.2-fold increase over the non-optimized STB production (Figure 4C; Table 1). Purity of purified PfRipr5 was >95% as assessed by SDS-PAGE, similar to that from previous STB runs performed using insect cells (Figure 4D; Table 1). Dynamic light scattering data resemble those from previous non-optimized STB runs, with the identification of an extra peak at a smaller radius corresponding to the expected size range of monomeric PfRipr5 (Figure 4E). Finally, the binding of purified PfRipr5 to anti-PfRipr mAb 29B11 was confirmed by ELISA (Figure 4F) and SPR (Table 1), with similar binding kinetics and KD values to those observed with purified PfRipr5 from previous STB runs.
[image: Figure 4]FIGURE 4 | Production of PfRipr5 at 2 L STB scale using the optimized production strategy (infection of insect High Five cells with rBAC A-GGSGG and culture temperature shift from 27 to 22°C at TOI). (A) Kinetics of cell growth and viability throughout infection. (B) Western blot identification of PfRipr5 in bulk and purified samples. (C) Production yield following purification. (D) SDS-PAGE of purified PfRipr5. (E) Size distribution profile of purified PfRipr5 assessed by dynamic light scattering. (F) ELISA of purified PfRipr5 using an anti-P. falciparum PfRipr mouse mAb 29B11. For figure (A), VCC denotes viable cell concentration. For figure (B), DPI denotes day post-infection, (+) denotes the positive control (PfRipr5 produced by WGCFS). For figure (B) and figure (D), L denotes pre-stained protein standard SeeBlue® Plus2, R denotes reduced sample, and NR denotes non-reduced sample. Infection was performed using CCI = 2 × 106 cell/mL and MOI = 0.1 pfu/cell. Data are relative to one biological replicate (n = 1).
4 DISCUSSION
In this work, we developed an optimized process for the production of PfRipr5 malaria vaccine candidate using IC-BEVS by combining new rBAC construct design with culture temperature shift (27 → 22°C) at the TOI.
Insect (High Five and Sf9) cells were identified as a better host for PfRipr5 expression than human (HEK293) cells, with High Five cells outperforming Sf9 cells as commonly seen for other recombinant proteins (Wilde et al., 2014). In addition, the expression in insect cells was highest using MOI of 0.1 virus per cell, reducing volumes being handled and wastage of commonly expensive, certified master-virus stocks in comparison to higher MOI. Purified PfRipr5 derived from insect cells presented high purity and strong binding to anti-PfRipr mAb 29B11, an antibody shown to hold GIA activity and parasite PfRipr-staining capacity and thus herein used as a proxy for confirming the protein´s biological activity. Contrastingly, HEK293 cells expressed nearly undetectable levels of PfRipr5 in the culture bulk, subsequently compromising the purification process, product purity, and ultimately its biological activity. Increase in production scale would be required to bring the human-based system close to the productivities and product quality achieved with IC-BEVS. We have also observed that in all expression systems, the percentage of PfRipr5 protein being secreted was similar (data not shown), suggesting that the lower productivity attained with HEK293 cells was a translation rather than secretion-related limitation, hence the decision of not pursuing with further strategies (e.g., using a signal peptide of mammalian origin) for improving the expression in human HEK293 cells.
Despite being reported elsewhere as capable of increasing protein secretion up to five times (Tessier et al., 1991), the use of BVM did not induce a higher PfRipr5 expression. Additional amino acid residues at the upstream positions of the SP cleavage site are commonly used as spacers; in fact, the addition of A residues at the +1 and +1/+2 positions of the SP cleavage site was shown to be essential to increase recombinant protein expression levels in human cells (Güler-Gane et al., 2016). We have explored this hypothesis in our study, adding one A residue at the +1 position of the SP cleavage site to rBAC constructs. Notably, all constructs with this modification induced a higher PfRipr5 expression. With the objective of increasing availability and/or flexibility of the purification tag (Chen et al., 2013) to aid downstream processing, linkers composed of G and S residues have been included between the PfRipr5 sequence and the His6-tag. The construct comprising both an A spacer and a GGSGG linker induced the highest PfRipr5 expression. The flexibility conferred by this longer linker may have facilitated PfRipr5 folding by reducing the interference of the purification tag in the protein’s tertiary structure during protein processing in the ER, therefore reducing the chances of impairing protein secretion. These results are in good agreement with the previous reports in which flexible G-rich linkers have been used to improve the folding and function of tagged proteins (Sabourin et al., 2007; Reddy Chichili et al., 2013).
To modulate recombinant protein production, a culture temperature shift at TOI from standard 27–22°C was performed, prolonging the infection by delaying the onset of cell viability drop and, most importantly, improving the PfRipr5 expression in both insect cell lines. Prolonging cell viability in IC-BEVS is an efficient approach to improve recombinant protein production (Steele et al., 2017). PfRipr5 is a cysteine-rich fragment of PfRipr (contains 31 cysteine residues) and thus shows high propensity to form disulfide bonds, which are part of the post-translational modifications (PTMs) that are facilitated within the secretory pathway of eukaryotic cells (Robinson and Bulleid, 2020) and are essential to maintain a tertiary structure. Strategies facilitating protein processing in the ER allowing an improved folding capacity are thus beneficial to improve protein secretion. Lowering the culture temperature in IC-BEVS can slow down the metabolic activity allowing structural protein processing (Somasundaram et al., 2016) and allow proteins to have more time for going through the ER (Donaldson et al., 1999), facilitating folding and processing of complex PTMs including disulfide bonds, and therefore may promote PfRipr5 processing and secretion.
By combining the new rBAC construct design with lowering culture temperature at TOI, a synergistic effect was observed and production yields could be improved by over 5-fold. Improved availability and/or flexibility of the purification tag as well as PfRipr5 stability and/or folding, promoted by the added spacers and linkers and by a lower culture temperature, may have facilitated the affinity (i.e., IMAC) and concentration/polishing (i.e., SEC) steps during purification while limiting protein aggregation, thus explaining the improvements observed in protein expression and quality. Importantly, the purified insect cell-derived PfRipr5 continue to show strong binding to anti-PfRipr mAb 29B11 in both ELISA and SPR analyses, thus suggesting that the biological activity was not impacted by the optimizations devised herein.
5 CONCLUSION
This work demonstrates the optimization of expression and purification of the asexual blood-stage malaria vaccine candidate PfRipr5 while maintaining its biological activity. To our knowledge, this is the first report of using the insect Sf9 and High Five cell lines to produce an asexual blood-stage malaria vaccine candidate based on PfRipr. These findings motivate the use of atypical culture conditions such as lower culture temperature to improve recombinant protein production using IC-BEVS and highlight the importance of optimizing the expression vector when producing secreted proteins.
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