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Abstract: Recent data indicate increasing disease burden and importance of Plasmodium vivax (Pv) 22 

malaria. A robust assay will be essential for blood-stage Pv vaccine development. Results of the in 23 

vitro growth inhibition assay (GIA) with transgenic P. knowlesi (Pk) parasites expressing the Pv 24 

Duffy-binding protein region II (PvDBPII) correlate with in vivo protection in the first PvDBPII con- 25 

trolled human malaria infection (CHMI) trials, making the PkGIA an ideal selection tool once the 26 

precision of the assay is defined. To determine the precision in percentage of inhibition in GIA 27 

(%GIA) and in GIA50 (antibody concentration that gave 50 %GIA), ten GIAs with transgenic Pk par- 28 

asites were conducted evaluating four different anti-PvDBPII human monoclonal antibodies (mAbs) 29 

at different concentrations, and three GIAs were conducted testing eighty anti-PvDBPII human pol- 30 

yclonal antibodies (pAbs) at 10 mg/mL. A significant assay-to-assay variation was observed, and 31 

the analysis revealed a standard deviation (SD) of 13.1 in the mAb and 5.94 in the pAb dataset for 32 

%GIA, with a LogGIA50 SD of 0.299 (for mAbs). Moreover, the ninety-five percent confidence inter- 33 

val (95%CI) for %GIA or GIA50 in repeat assays was calculated in this investigation. These results 34 

will support the development of future blood-stage malaria vaccines, specifically second generation 35 

PvDBPII-based formulations. 36 
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 39 

1. Introduction 40 

Malaria is the most pernicious of parasitic diseases and exerts an enormous health 41 

and socioeconomic burden on many of the most vulnerable populations and poorest re- 42 

gions on earth, in recent years only aggravated by the impending climate crisis [1]. Six 43 

protozoan parasite species of the genus Plasmodium are known to infect humans, among 44 

 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 24, 2024. ; https://doi.org/10.1101/2024.01.23.576905doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.23.576905
http://creativecommons.org/licenses/by/4.0/


2 of 16 

 

them, Plasmodium falciparum (Pf) and the lesser studied Plasmodium vivax (Pv) are respon- 45 

sible for the bulk of these infections [1]. While the lion9s share of morbidity and mortality 46 

is caused by P. falciparum and is mostly confined to Sub-Saharan Africa, P. vivax is found 47 

more extensively, with Pv infections occurring in most tropical and subtropical regions of 48 

the world , thus responsible for the majority of cases outside Sub-Saharan Africa [2].  49 

While the overall lifecycles of the two species are similar, key biological differences 50 

impact epidemiology and complicate P. vivax malaria control [3,4], and can be considered 51 

as being factors in this parasite9s different and more widespread distribution. Firstly, the 52 

earlier production of Pv gametocytes leads to a more rapid transmission. Secondly, Pv 53 

possesses the ability to form dormant parasites within the liver, called hypnozoites, which 54 

can reactivate weeks, months or even years after primary infection, facilitating waves of 55 

relapsing parasitaemia, illness, and transmission [5]. Remarkably, these relapses have 56 

been estimated to account for up to 80 3 90 % of new infections [6]. Thirdly, Pv merozoites 57 

exhibit a tropism for Duffy antigen receptor of chemokines (DARC, also known as Fy gly- 58 

coprotein (Fy)) positive red blood cells (RBCs), thus limiting endemicity in West and Cen- 59 

tral African populations, where Duffy blood group negativity provides natural resistance 60 

against Pv infection [7]. Moreover, Pv shows a clear tropism for reticulocytes, for which 61 

reticulocyte binding-like proteins (RBPs) appear to be responsible [8]. Consequently, 3.3 62 

billion humans were living under the risk of Pv transmission in 2017 [9], especially in the 63 

Americas, Oceania (particularly the Western Pacific), South East Asia, and the Eastern 64 

Mediterranean [1]. In most of these regions, P. vivax is the most prevalent malaria parasite 65 

[1] with recent data demonstrating a significant burden of morbidity and associated mor- 66 

tality in young children and pregnant women [10]. Termed <benign= for many years, this 67 

resilient parasite species in fact carries all of the attributes of <perniciousness= historically 68 

only linked to Pf [11]. Additionally, in regions where Pv and Pf are co-endemic and Pf 69 

infection risk has been lessened by control measures, there is a converse risk increase for 70 

Pv infection; this increase is also seen in patients treated for Pf malaria in these areas [4]. 71 

Therefore, ignorance of Pv seems irrational.  72 

Historically, efforts to develop a Pv vaccine have lagged behind Pf because of critical 73 

bottlenecks in the development process [12], among them the absence of well-character- 74 

ized anti-parasitic functional assays due to the lack of a long-term in vitro culture system. 75 

Hence only few novel candidate vaccines are in the pipeline or have even progressed to 76 

the clinic [12]. Nevertheless, recent breakthroughs in Pv vaccine development have been 77 

realized. Building on prior work in Australia [13], a safe Pv blood-stage controlled human 78 

malaria infection (CHMI) model was established for the first time in Europe with a Thai 79 

parasite clone termed PvW1, whose genome was reported with a high quality assembly 80 

[14]. Moreover, two vaccines targeting the leading P. vivax blood-stage antigen Pv Duffy- 81 

binding protein region II (PvDBPII), based on Pv strain Salvador-1 (Sal-1) sequence, have 82 

advanced along the clinical development pipeline [15,16]. The PvDBPII contains the re- 83 

ceptor binding domain which interacts with the DARC found on reticulocytes [17], thus 84 

facilitating parasite invasion of these RBCs [18].  85 

A major milestone was next met when the protein PvDBPII vaccine formulated in 86 

Matrix-M™ adjuvant showed ~50 % reduction in Pv parasite growth in the blood of vac- 87 

cinees following CHMI with the PvW1 clone of P. vivax [19]. This PvWI clone used for 88 

CHMI harbours a single copy of the PvDBP gene with a heterologous sequence to the 89 

recombinant Sal-1 PvDBPII protein employed for vaccination, i.e. protection was afforded 90 

in heterologous challenge [19]. In addition, the A1-H.1 strain of the zoonotic Plasmodium 91 

knowlesi (Pk) species has been adapted for long-term in vitro culture in human RBCs and 92 

most importantly, transgenic Pk parasites expressing PvDBP have been developed [20– 93 

22]. As PvDBP is able to fully complement the essential role of its Pk orthologue in eryth- 94 

rocyte invasion, these parasites thus provide the first means to routinely screen for func- 95 

tional anti-parasitic antibody activity in vitro, without necessitating access to Pv-infected 96 

blood from the field [23]. These Pk-PvDBP parasites have now enabled functional screen- 97 
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ing of anti-PvDBPII mAbs [20,24], whilst human purified total IgG from PvDBPII vac- 98 

cinees in the CHMI clinical trial showed functional in vitro growth inhibition that corre- 99 

lated with the in vivo growth inhibition ( ) of PvW1 parasites [19].  100 

Future work will seek to build on these recent findings. Notably, for the development 101 

of a next-generation vaccine, a tool for facilitation of preclinical and clinical go/no-Go de- 102 

cisions with regards to vaccine candidate selection will be essential. In vitro growth inhi- 103 

bition assays (GIAs) for assessment of antibody-driven effects on parasite invasion or 104 

growth have been an integral part of blood-stage P. falciparum malaria research for many 105 

years. Notably, GIAs that asses inhibitory activity of antibodies using transgenic Pk para- 106 

sites expressing PvDBP could now fill the exigent role of a candidate selection tool for 107 

improved Pv vaccines; thereby defining novel immunogen designs and/or formulations 108 

that elicit significantly higher levels of growth inhibition in GIAs than the benchmark 109 

PvDBPII/Matrix-M™ vaccine. In turn, these formulations would be predicted to facilitate 110 

much greater levels of IVGI in humans and ultimately, full protection. For this, a robust 111 

assay, which can provide reliable and biologically relevant data with high precision, is of 112 

paramount importance. Generally speaking, GIAs differ with regards to the parasite spe- 113 

cies and strain as well as methodology employed, therefore each iteration of assay must 114 

be evaluated individually. With another investigation having just tested the precision or 115 

<error of assay= (EoA) in PfGIA readouts for a reticulocyte-binding protein homologue 5 116 

(RH5)-based Pf vaccine by assessing parasite lactate dehydrogenase activity (pLDH) [25], 117 

our study reported here now characterizes the EoA in the aforementioned PkGIA using 118 

monoclonal and polyclonal antibodies against the PvDBPII.  119 

2. Materials and Methods 120 

2.1.Plasmodium knowlesi (Pk) parasite culture and synchronization at the University of Oxford 121 

Development of transgenic PvDBPOR/Δ´µ parasites was previously reported. In brief, 122 

these represent P. knowlesi parasites of the parental A1-H.1 strain which were genetically 123 

modified to express P. vivax Salvador-1 (Sal-1) strain PvDBP in place of the native PkDBP³. 124 

Using CRISPR-Cas9 genome editing, the PkDBP³ gene was replaced by the PvDBP 125 

orthologue (OR) with subsequent deletion of the PkDBP´ and PkDBPµ paralogues, thereby 126 

creating a transgenic P. knowlesi line reliant on the PvDBP for invasion of erythrocytes 127 

[21]. Parasites were cultured in type O, Rh+ blood from different human donors, obtained 128 

both in-house from volunteers at the University of Oxford and from the United King- 129 

dom9s National Health Service Blood and Transplant (NHSBT). Fy serophenotyping was 130 

done using anti-Fy(a) monoclonal, anti-Fy(b) polyclonal andanti-human IgG/anti-human 131 

globulin blood typing reagents (Lorne Laboratories). The cultures were set up and main- 132 

tained according to previously described protocols [23]. For maintenance, cultures were 133 

incubated at 37 °C in non-vented flasks containing an atmosphere with a gas mixture of 134 

5 % O2, 5 % CO2 and 90 % N2. The incomplete Pk culture medium was prepared using 500 135 

mL of RPMI-1640 liquid medium (Sigma-Aldrich R0883) to which 2.97 g HEPES (Sigma- 136 

Aldrich H3375), 0.025 g hypoxanthine (Sigma-Aldrich H9636), 0.15 g NaHCO3 (Sigma-Al- 137 

drich S5761), 1 g D-glucose (Sigma-Aldrich G7021) and 10 mL 100X L-glutamine (Gibco 138 

25030) were added. To complete the medium, 10 mL pooled heat-inactivated filter-steri- 139 

lized human O+ serum obtained from NHSBT was mixed with 40 mL Pk incomplete cul- 140 

ture medium and 50 µL 10 mg/mL gentamicin (Sigma-Aldrich G1272). The 2x Pk complete 141 

medium used in the GIAs was prepared by mixing 30 mL Pk incomplete culture medium 142 

with 20 mL pooled heat-inactivated filter-sterilized human O+ serum and 100 µL 10 143 

mg/mL gentamicin. If sufficient late-stage parasites (i.e. > 2 % parasitaemia) were present 144 

in a culture, synchronisation at trophozoite or schizont stage was performed by utilizing 145 

magnetic activated cell sorting (Miltenyi Biotec MACS LD columns).  146 

 147 

2.2. Monoclonal antibody (mAb) production and purification 148 

The anti-PvDBPII human IgG1 mAbs DB1, DB5, DB6 and DB9 [20] were produced 149 

by transient transfection of HEK Expi293 cells (Thermo Fisher Scientific). Briefly, cells 150 

were transfected following the manufacturer9s protocol using ExpiFectamine™ (Thermo 151 
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Fisher Scientific), including the addition of enhancer 1 and enhancer 2 (Thermo Fisher 152 

Scientific) 18 h post-transfection. Supernatants were harvested seven days after transfec- 153 

tion via centrifugation and mAbs were purified from culture supernatants using a 5 mL 154 

protein G column (Cytiva) in Tris-Buffered Saline (TBS) on a fast protein liquid chroma- 155 

tography (FPLC) system (Cytiva ÄKTA Pure). The mAbs were eluted as 1.7 mL fractions 156 

in glycine (200 mM, pH 2.4) then neutralized with Tris buffer (1 M, pH 9.0). These fractions 157 

were then pooled and concentrated to 10 mL before size exclusion chromatography (SEC) 158 

purification using a SEC column (Cytiva Superdex 200 HiLoad 16/600 column) on the 159 

FPLC system into TBS. Finally, mAbs were concentrated and buffer-exchanged into in- 160 

complete Pk medium for the use in GIAs. 161 

 162 

2.3. Growth inhibition assays (GIAs) 163 

2.3.1. GIAs with Pk parasites at the University of Oxford 164 

Measurement of growth inhibition activity was adapted for Pk from protocols from 165 

the Laboratory for Malaria and Vector Research (LMVR) at National Institute of Allergy 166 

and Infectious Disease (NIAID), National Institutes of Health (NIH), United States of 167 

America [26]. After dilution to the desired concentrations with incomplete Pk medium, 20 168 

µL of the mAb samples and controls were introduced into sterile 96-well flat/half area 169 

tissue culture plates (Corning 3696) in triplicates. The mAbs were tested at concentrations 170 

of 2, 0.4, 0.08 and 0.016 mg/mL (DB1, DB5 and DB6) and 2, 0.8, 0.4, 0.125, 0.08, 0.04 and 0.016 171 

mg/mL (DB9), respectively. When synchronization was complete, trophozoite cultures were 172 

diluted to a late-stage parasitaemia of 1.5 % at 4 % haematocrit in 2x Pk complete medium 173 

and then pipetted in volumes of 20 µL into aforementioned 96-well plates. Control wells 174 

included: only infected erythrocytes and culture medium (normal parasite growth); in- 175 

fected erythrocytes incubated in the presence of 5 mM EDTA (total inhibition of parasite 176 

growth); and infected erythrocytes plus the anti-Ebola virus glycoprotein human IgG1 177 

antibody EBL040 [27] (negative control mAb, no inhibition of parasite growth). The plates 178 

were incubated at 37 °C for ~27 h, equivalent to one lifecycle of Pk in vitro. Afterwards, 179 

parasite growth in every well was evaluated using pLDH activity. For use in the assay, 180 

500 mL LDH buffer solution consisting of 50 mL 1M Tris HCl (pH 8.0, Sigma-Aldrich 181 

T3038) and 450 mL ddH2O, to which 2.8 g sodium L-lactate (Sigma-Aldrich L7022), and 182 

1.25 mL Triton X-100 (Sigma Aldrich X100) were added and mixed for at least 30 min, 183 

were prepared. Subsequently, a 10 mg nitro blue tetrazolium (NBT) tablet (Sigma-Aldrich 184 

N5514) was introduced to 50 mL of this mixture. Just prior to assay development, 50 µL 185 

10 mg/mL 3-acetylpyridine adenine dinucleotide (APAD; Sigma-Aldrich A5251) and 200 186 

µL 50 U/mL diaphorase (Sigma-Aldrich D5540) were added to every 10 mL LDH 187 

buffer/nitro blue tetrazolium mixture. 120 µL of this mixture was then added to every 188 

well. Plates were read with a microplate reader (BioTek TS800 absorbance reader) and the 189 

accompanying software (BioTek Gen5 software) at 650 nm once the optical density had 190 

reached 0.4 to 0.6 in the infected erythrocyte/medium control wells. Percentage of growth 191 

inhibition in the growth inhibition assay (%GIA) was then calculated using the following 192 

formula:  193 

%GIA = 100% 3 ((Immune sample A650 3 5 mM EDTA A650)/(Infected Control A650 3 5 194 

mM EDTA A650)* 100) 195 

 196 

2.3.2. GIA with Pk parasites at the LMVR 197 

At the LMVR, human polyclonal antibodies (pAbs), which were collected from three 198 

Phase I/IIa clinical trials called VAC069, VAC071 and VAC079, were evaluated. As re- 199 

ported previously [19], these trials received ethical approval from UK National Health 200 

Service Research Ethics Services, (VAC069: Hampshire A Research Ethics Committee, Ref 201 

18/SC/0577; VAC071: Oxford A Research Ethics Committee, Ref 19/SC/0193; VAC079: Ox- 202 

ford A Research Ethics Committee, Ref 19/SC/0330). The vaccine trials were also approved 203 

by the UK Medicines and Healthcare products Regulatory Agency (VAC071: EudraCT 204 
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2019-000643-27; VAC079: EudraCT 2019-002872-14). All participants provided written in- 205 

formed consent and the trials were conducted according to the principles of the current 206 

revision of the Declaration of Helsinki 2008 and ICH guidelines for Good Clinical Practice.  207 

The methodology of the PkGIA and median %GIA value from three independent 208 

PkGIA for each pAb have been published elsewhere [19]. In this study, the same data 209 

were reanalysed to determine the EoA of PkGIA at the LMVR. In brief, the PkGIA was 210 

performed at 10 mg/mL purified total IgG (Protein G purified from serum) by mixing with 211 

~1.5 % trophozoite-rich parasites in a final volume of 40 µL in 96-well plates. After ~27 h 212 

of incubation, the relative parasitaemia in each well was determined by pLDH activity.  213 

 214 

2.4. Statistical analysis 215 

For correlation analyses, a Spearman rank test was utilized (GraphPad Prism soft- 216 

ware, version 9.3.1) and p ˂ 0.05 was considered as significant. The other analyses were 217 

performed using R (version 4.2.1, The R Foundation for Statistical Computing). To evalu- 218 

ate total variance and sources of variance (either variance that was determined by test 219 

antibody and test concentration, or residual of variance) in %GIA, linear model fits were 220 

performed using the lm function. Based on the residual variance, standard deviation (SD) 221 

of %GIA was calculated. To determine the 95 percent confidence interval (95%CI) of the 222 

SD in %GIA readout, assay-stratified bootstrap analysis was performed, where a data set 223 

was stratified by the assay number first; then resampling was performed by the assay 224 

number instead of individual data points because of the occurrence of significant assay- 225 

to-assay variation. The 95%CI of SD was estimated from 1,000 replications. For each mAb 226 

in each assay, the antibody concentrations that gave 50, 40 or 30 %GIA (GIA50, GIA40, 227 

GIA30, respectively) was calculated using a four-parameter logistic model with the lower 228 

asymptote parameter fixed at 0 using the L.4 function in the drc package version 3.0-1. 229 

The SD and 95%CI of SD for Log-transformed GIA50, GIA40, or GIA30 readouts were calcu- 230 

lated as above.  231 

 232 

3. Results 233 

At the University of Oxford, A1-H.1 P. knowlesi malaria parasites expressing Salva- 234 

dor-1 (Sal-1) strain PvDBP (PvDBPOR/Δ´µ) instead of their native PkDBP³ were cultured 235 

in human RBCs from different donors and used in ten GIAs. In these GIAs, four human 236 

IgG1 mAbs (anti-PvDBPII antibodies DB1, DB5, DB6 and DB9) were tested with eight dif- 237 

ferent batches of RBCs on eight different days. Testing of growth inhibition was done at 238 

concentrations of 2, 0.4, 0.08 and 0.016 mg/mL for DB1, DB5 and DB6, as well as 2, 0.8, 0.4, 239 

0.125, 0.08, 0.04 and 0.016 mg/mL for DB9 in each assay. Additionally, as a negative con- 240 

trol, EBL040 (an anti-Ebola virus human IgG1 mAb [27]) was used at a concentration of 241 

0.5 mg/mL. For each anti-PvDBPII mAb, at each test concentration, average (Avg), stand- 242 

ard deviation (SD) and percentage of coefficient of variation (%CV) in percentage of inhi- 243 

bition in GIA (%GIA) were calculated from the ten assays (Figure 1). The original GIA 244 

values can be found in supplementary Table S1. To determine an appropriate model for 245 

EoA analysis, correlations between Avg and SD, or between Avg and %CV, were evalu- 246 

ated. There was no obvious effect by the different mAbs used on either SD or %CV. Similar 247 

to what was seen in an earlier publication, where PfGIAs were conducted for one of the 248 

leading blood-stage antigens for P. falciparum, the reticulocyte-binding protein homologue 249 

5 (RH5) [25], the SD was relatively stable with no significant correlation between Avg and 250 

SD (p = 0.581). Regarding %CV on the other hand, there was a strong negative correlation 251 

between Avg and %CV, i.e. %CV decreased with increasing Avg (p < 0.0001 by a Spear- 252 

man9s rank test). Hence, the further analysis conducted was based upon a constant SD 253 

model with non-transformed %GIA.  254 
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 255 

Figure 1: Comparison of SD vs %CV in PkGIA with four different mAbs. Plasmodium knowlesi 256 
parasites genetically modified to express the P. vivax Sal-1 PvDBP (PvDBPOR/Δ´µ) were cultured 257 
and then used in GIAs to test the growth-inhibition activity of four anti-PvDBPII mAbs (DB1, DB5, 258 
DB6, DB9). The antibodies were evaluated at concentrations of 2/0.4/0.08/0.016 mg/mL (DB1, DB5, 259 
DB6) and 2/0.8/0.4/0.125/0.08/0.04/0.016 mg/mL (DB9). From ten GIAs, average (Avg), standard de- 260 
viation (SD) and percentage of coefficient of variation (%CV) were calculated. Results for Avg vs SD 261 
(A) and Avg vs %CV (B) are shown. The vertical black line in both panels indicates the mean +2 SD 262 
value for 0.5 mg/mL EBL040 (negative control mAb). The horizontal red line in (A) demonstrates 263 
the mean SD (12.2) of all data points. Three data points with an Avg%GIA value between -2and 2 264 
%GIA (absolute %CV > 400) in (B) are not shown. 265 

For determination of the EoA in %GIA, the difference in measured %GIA from 266 

Avg%GIA was calculated for each mAb at each concentration in every assay 267 

(ΔAvg%GIA). A strong assay effect was observable on ΔAvg%GIA (Figure 2). For in- 268 

stance, in assays 01 (A01) or 06 (A06), the majority of data points showed negative 269 

ΔAve%GIA values (i.e., lower %GIA than the average of all ten assays). Conversely, the 270 

majority of data points in A03 or A10 were of higher %GIA than the ten-assay-average. A 271 

linear regression analysis was thus conducted, in which ΔAvg%GIA was utilized as a re- 272 

sponse variable. The specific mAb, the test concentration of the mAb and one of three 273 

factors (assay day (8 different days), assay number (A01 3 A10), and RBC number (R01 3 274 

R08)) were included as explanatory values in each analysis. In all three regression analyses 275 

undertaken, the specific mAb and test concentration did not have significant impact (p > 276 

0.999) on ΔAvg%GIA, indicating that EoA was similar among different mAbs at different 277 

test concentrations. On the other hand, the impact of assay day, assay number and RBC 278 

number on EoA were highly significant (p < 0.001). The variation due to Duffy blood group 279 

serophenotype (Fy) was difficult to evaluate in this study, because no single assay evalu- 280 

ated two or three Fy serophenotypes simultaneously. However, serophenotype-to-sero- 281 

phenotype variation in ΔAvg%GIA seems smaller than the assay-to-assay variation seen 282 

in the six assays (A01, A02, A03, A04, A06 and A07) where all assays were conducted 283 

using RBCs with the same Fya-/b+ serophenotype.  284 
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 285 

Figure 2: EoA in %GIA by ΔAvg%GIA for all 10 assays conducted. The mAbs were tested in 10 286 
independent assays (A01 to A10) using 8 different batches of RBCs (R01 to R08). In each assay, the 287 
difference from Avg%GIA (ΔAvg%GIA) was determined for each mAb at each concentration. As- 288 
says A01, A02 and A03 were done on the same day, all other assays were performed on different 289 
days. The results are grouped by Duffy blood group serophenotype (Fy) of the RBCs employed in 290 
each assay. 291 

 292 

Another linear regression analysis was next performed to determine the SD in %GIA. 293 

For this analysis, %GIA was used as a response variable, while mAb choice and test con- 294 

centrations were used as explanatory variables. Total variance may be divided into two 295 

parts, the first being <signal= (i.e. the variance that can be explained by which mAb was 296 

tested at what concentration in the GIA), which a researcher actually wants to measure, 297 

and the second being EoA (i.e. the remaining variance). The proportions of signal and EoA 298 

were 89 % and 11 % respectively (Figure 3A). Based on the variance of EoA, the SD in 299 

%GIA of the assay was calculated as 13.1, which was close to the average SD of 12.2 de- 300 

termined earlier (Figure 1A), as predicted. In the previously mentioned publication inves- 301 

tigating the EoA of PfGIA [25], the SD was given as 7.5. Since the estimated SD value in 302 

PkGIA with anti-PvDBPII mAbs was ~1.7 times higher, to investigate whether the two SD 303 

values were truly different, the 95 percent confidence interval (95%CI) of SD for the PkGIA 304 

was estimated by an assay-stratified bootstrapping method. Resulting from this, the 305 

95%CI of SD was 8.4 to 15.7, which suggests that the EoA in the PkGIA might be slightly 306 

larger than the EoA in the PfGIA, but not radically different. Utilizing the SD value of 13.1, 307 

the impact of repeat assay on the EoA in %GIA was investigated (Figure 3B). When a 308 

sample is tested in a single assay, the 95%CI of the %GIA is shown to be +/- 25.7 % points 309 

of observed %GIA. If the 95%CI is to be narrowed down to +/- 15 % points, three assays 310 

are required; whereas, when striving for a 95%CI of +/- 10 % points, four additional assays 311 

(i.e., a total of seven assays) will be needed. After this, performing one more extra assay 312 

only further reduces the 95% CI width by < 2 % points.  313 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 24, 2024. ; https://doi.org/10.1101/2024.01.23.576905doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.23.576905
http://creativecommons.org/licenses/by/4.0/


8 of 16 

 

0

20

40

60

80

100
%

 t
o

ta
l 
v
a

ri
a

n
c
e

Signal

EoA

1 2 3 4 5 6 7 8 9 10

0

10

20

30

Repeat assays

H
a

lf
-w

id
th

 o
f 

9
5

%
C

I

A B

 314 

Figure 3: Range of error in %GIA estimates. (A) A linear regression analysis was performed with 315 
%GIA as a response variable, and mAb of choice as well as test concentrations as explanatory vari- 316 
ables. A proportion (%) of variance explained by mAb and test concentration (Signal) and that for 317 
residual (EoA) in the total variance are presented. (B) From the standard deviation (SD) value of 318 
13.1, the half width of 95%CI in %GIA was calculated to determine impact for a given number of 319 
repeat assays. 320 

 321 

Subsequently, the SD for the antibody concentrations that gave 50, 40 or 30 percent 322 

of growth inhibition (GIA50/GIA40/GIA30, respectively) was determined. The mAb DB6 323 

could not facilitate more than 50 %GIA in five out of ten assays, even at the maximum 324 

concentration of 2 mg/mL. Consequently, DB6 data were excluded from analysis in the 325 

GIA50 readout (while DB6 data were included for GIA40/GIA30 analysis). With only three 326 

(for GIA50 data) or four (GIA40 and GIA30) data points (one average, one SD and one %CV 327 

value per mAb) it was difficult to construct and evaluate a proper model as was done for 328 

Figure 1. Hence, the assumption was made that a constant SD model would reasonably 329 

be able to explain log-transformed GIA50, GIA40 and GIA30 values (LogGIA50, LogGIA40, 330 

and LogGIA30, respectively), as was shown for the PfGIA in the aforementioned publica- 331 

tion [25], where SD of LogGIA50 was relatively stable regardless of LogGIA50 level, while 332 

the SD of non-transformed GIA50 was affected by LogGIA50 level. 333 

Making use of linear regression models once more, SDs in LogGIA50 (excluding DB6 334 

data), LogGIA40 and LogGIA30 (both including DB6 data) were calculated and the 95%CI 335 

of the SDs again determined by a bootstrap analysis (Figure 4A). 95%CI ranges in SD ex- 336 

hibited an overlap in all three readouts, indicating that the EoA is similar when GIA50, 337 

GIA40 or GIA30 values are used for analysis. For the LogGIA50 readout, the SD was calcu- 338 

lated as 0.299 and this value was used to investigate the impact of repeat assays on the 339 

EoA in a non-transformed GIA50 (Figure 4B). When testing a sample in a single assay (at 340 

serial dilutions), where the observed GIA50 is 1 mg/mL, the 95%CI is between 0.3 to 3.9 341 

mg/mL. If three repeated assays are performed, where the geometric mean of GIA50 = 1 342 

mg/mL, the 95%CI range narrows to 0.5 to 2.2 mg/mL, while with an additional seven 343 

assays (a total of ten assays) the 95%CI range becomes 0.7 to 1.5 mg/mL. 344 
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Figure 4: Assay variation in LogGIA50/GIA40/GIA30. (A) For each mAb in each assay, the concen- 346 
trations that gave 50, 40 or 30 %GIA were calculated (GIA50/GIA40/GIA30, respectively). Subse- 347 
quently, linear regression analyses were performed, with Log-transformed GIA50/GIA40/GIA30 val- 348 
ues as a response variable and mAb tested as an explanatory variable. The SD in Log- 349 
GIA50/GIA40/GIA30 was calculated from the residual variance. The 95%CI of SD for each readout was 350 
estimated from assay-stratified bootstrap analysis. The SD of LogGIA50 was calculated from three 351 
mAbs (excluding DB6), while those for LogGIA40 and LogGIA30 were calculated from all four mAbs. 352 
(B) The 95%CI range for a number of repeated assays is shown in a non-transformed GIA50 scale 353 
when the observed geometric mean of GIA50 = 1 mg/mL.  354 

 355 

All of the data evaluated so far made use of monoclonal antibodies only. For investi- 356 

gating the EoA in PkGIAs conducted with human polyclonal antibodies (pAbs), we turned 357 

to the analysis of some of our recently published data from a PvDBPII Phase 1/2a clinical 358 

trial, involving CHMI. In this study, for which the PkGIAs were conducted at the Labora- 359 

tory of Malaria and Vector Research (LMVR), 80 human anti-PvDBPII pAbs were tested 360 

at a single concentration of 10 mg/mL in three independent assays using three different 361 

batches of RBCs [19]. The original GIA values can be found in supplementary Table S1. 362 

Similar to what was found for the mAb dataset accrued in Oxford, for the pAb data, a 363 

constant SD model was more appropriate for subsequent analysis when compared to a 364 

constant %CV model (Spearman9s rank correlation coefficient p = 0.4246 vs p < 0.0001) 365 

(Figure 5A, B). Just like for the mAb data, a linear regression analysis was performed 366 

where %GIA value was utilized as a response variable and pAb as an explanatory varia- 367 

ble. Based on the analysis, the SD in %GIA for PkGIA conducted at LMVR using pAb was 368 

estimated as 5.94. Once more, the impact of repeat assays on the 95%CI was evaluated 369 

(Figure 5C). The 95%CI range shrinks from +/- 11.6 % points for a single assay to +/- 6.7 % 370 

points for three repeats, while after 10 assays are performed the range is estimated to be 371 

at +/- 3.7 % points. 372 
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Figure 5: EoA in PkGIA from a different dataset with human polyclonal antibodies conducted at 374 
LMVR. Eighty human anti-PvDBPII polyclonal antibodies were evaluated at a concentration of 10 375 
mg/mL in three independent GIAs using three different batches of RBCs. For each sample, Avg, SD 376 
(A) and %CV (B) were calculated. The vertical black line in panels A and B indicates the mean +2 377 
SD value for 0.5 mg/mL EBL040 negative control mAb tested at the University of Oxford; the hori- 378 
zontal red line in A demonstrates the mean SD (5.34) of all data points. (C) The half-width of the 379 
95%CI in %GIA for a given number of repeat assays is shown. 380 

 381 

In the PkGIA at the LMVR, relatively lower %GIA values were observed for the pAb 382 

compared to the mAb dataset tested at the University of Oxford. When results of the neg- 383 

ative control EBL040 mAb tested at Oxford were used to determine a threshold of positive 384 

response (mean plus two SD, 18.8 %GIA), only 22 out of 80 samples (i.e. 27.5 %) exhibited 385 

positive Avg%GIA. To confirm that the SD value was stable regardless of positive or neg- 386 

ative responses, another linear regression analysis was executed utilizing only the data 387 

from the 22 positive samples. The resulting SD value was determined to be 6.03, and thus 388 

very close to the SD of 5.94 from the analysis of the whole dataset. 389 

4. Discussion 390 

This is the first study that investigates EoA in GIA for transgenic Pk parasites ex- 391 

pressing PvDBP, instead of their native PkDBP³ (PvDBPOR/Δ´µ). Our PkGIA data made 392 

use of four human anti-PvDBPII mAbs tested at different concentrations, as well as eighty 393 

human vaccine-induced anti-PvDBPII polyclonal antibodies at 10 mg/mL. In both cases, 394 

(non-transformed) %GIA data were explained better by a constant SD model than a con- 395 

stant %CV model. The SD in %GIA readout for the mAb dataset was 13.1 and 5.94 for the 396 

pAb dataset. In addition, based on the mAb data, the SD of LogGIA50 was calculated as 397 

0.299. Using the SD values, the impact of repeat assays on the error range (95%CI) of ob- 398 

served %GIA or GIA50 values were estimated. 399 

Similar to the previous study, where the EoA was evaluated in PfGIA using anti-RH5 400 

human antibodies [25], we also observed a significant assay-to-assay variation in PkGIA 401 

with anti-PvDBPII mAbs in this study. This finding emphasizes the difficulty with directly 402 

comparing GIA results from different investigations, especially when the results from 403 

only a single or two repeat assays are reported. The 95%CI ranges calculated in this study 404 

for a given number of assays will help not only in comparing different formulations 405 

and/or immunological strategies to develop the second generation of PvDBP-based vac- 406 

cines, but will also provide researchers with insight on how to interpret GIA results from 407 

different studies. 408 

In our analysis, there was an almost two-fold difference in the best estimated SD in 409 

%GIA for PkGIA conducted in the two examined laboratories (13.1 at the University of 410 

Oxford vs 5.94 at the LMVR). Hence, one might wonder whether researchers and vaccine 411 

developers need to use different SD values and 95%CI ranges (which in turn are calculated 412 

from the SD values), depending on the sample type (either mAb or pAb) or laboratory 413 
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where the PkGIA is performed. Precision and accuracy of an assay may vary, particularly 414 

between laboratories [28]. With the ever increasing need for international collaboration 415 

between laboratories for facilitation of development of effective malaria vaccines [29], this 416 

interlaboratory assay variability is a considerable factor when it comes to interpretation 417 

of results, as underlined by our study. Interlaboratory variability may arise from different 418 

materials, reagents and kits used, small differences in culture (e.g. gas mixture, incubation 419 

times) and environmental conditions (e.g. collection and storage procedures, room or stor- 420 

age temperature or light conditions with a photometric assay). Moreover, assay protocols 421 

may vary and even if an identical protocol is used, divergent routines within the bound- 422 

aries of the protocol might have come about. Another aspect to keep in mind are operator 423 

handling and training, including technical proficiency and day-to-day performance [30] 424 

as well as detection and analysis methods [28]. Be that as it may, our assay-stratified boot- 425 

strap analysis also raised the question as to whether the two SD values are truly different. 426 

Based on this analysis, the 95%CI for Oxford9s SD was between 8.4 to 15.7, i.e. the true SD 427 

value of the Oxford %GIA data falls with 95% probability 3 and thus highly likely 3 any- 428 

where between 8.4 to 15.7. Likewise, the observed SD value for the LMVR data (5.94) could 429 

naturally deviate from the true SD value to a certain degree. At the University of Oxford, 430 

ten assays were conducted, thus we are of the opinion that performing an assay-stratified 431 

bootstrap analysis from 1010 possible data combinations is reasonable to estimate the 432 

95%CI range of the true SD value. On the other hand, only three assays per sample were 433 

performed at the LMVR, therefore the same analysis was not performed (as there are only 434 

33 possible combinations), and we could not assess whether the two SD values were of 435 

significant difference by a statistical test. To answer whether the SD values from the two 436 

data sets are truly divergent or not, further investigation is required, ideally with both 437 

laboratories performing additional PkGIAs with the same variety of samples in multiple 438 

assays. Interestingly, the previously reported SD in %GIA for PfGIA (at the LMVR) was 439 

between the two SD values reported in this study (SD = 7.5) [25], although the PfGIA used 440 

a different species of parasite for GIA to test antibodies against a different antigen. There- 441 

fore, whilst it is possible that EoA in GIA could be dependent on the parasites employed 442 

(e.g. different Pf strains or transgenic Pk parasites), target antigen(s) and/or laboratory, 443 

unless experimentally confirmed, it might be acceptable to assume that the SD in %GIA is 444 

around 10, at least when the GIA is performed with reasonably strict adherence to the 445 

same protocols and procedures, as in the two investigated laboratories here. 446 

The evaluated mAb data included blood from donors with different Duffy blood 447 

group (or DARC/Fy) serophenotypes. The two codominant DARC alleles FY*A and FY*B 448 

encode the Fya or Fyb antigens resulting in the Fya+/b+, Fya-/b+ and Fya+/b-phenotypes being 449 

expressed on RBCs [31]. Thus, four main Duffy serophenotypes exist of varying fre- 450 

quency depending on geolocation [32] and ethnicity (within a mixed-descent population 451 

in the same location) [33]. As mentioned before, the DARC genotype plays a significant 452 

role in Pv RBC invasion, with large populations in Sub-Saharan (and particularly West) 453 

Africa resistant to Pv infection due to being of Fya-/b- (or <Duffy negative=) serophenotype 454 

[7,32]. Naturally, this would seem to reciprocally correlate with a low incidence of Pv 455 

malaria and might have prevented endemicity of Pv in this region of the world [34]. Yet 456 

recently conflicting evidence has come to light [35,36], reporting higher Pv malaria inci- 457 

dence in Africa than originally thought [37], especially in regions where Pf burden has 458 

been lowered [4]. Due to the emergence and spreading of Pv strains with the apparent 459 

ability to invade Duffy negative RBCs [38], it has been proposed that there could be a 460 

hidden transmission in Fya-/b- populations in Africa. These cases generally show lower 461 

parasitaemia and may thus contribute to the undetected low-transmission reservoir in Af- 462 

rica [39]. Very recently, two investigations could show the existence of a subset of Fya-/b- 463 

erythroblasts that transiently express DARC and can be infected by Pv, thus providing a 464 

scientific reasoning behind the transmission of Pv infection in Duffy negative individuals 465 

[40,41]. With the Pv invasion pathway so reliant on the specific DARC genotype, it could 466 

be speculated that this may also have a significant effect on PkGIA results. However, in 467 
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our study, only Duffy-positive RBCs were utilized, as the transgenic PvDBPOR/Δ´µ para- 468 

site is known to only infect Duffy-positive, but not Duffy-negative, RBCs (as expected) 469 

[23]. Our results did not demonstrate an obvious Fy effect on ΔAve%GIA above the assay- 470 

to-assay variation within the same Fy serophenotype. In other words, anti-PvDBPII mAbs 471 

used in this study were equally inhibitory and the same SD (or 95%CI range) could be 472 

used to interpret the PkGIA results for all three Fy positive (i.e. Fya+/b+, Fya+/b-, Fya-/b+) sero- 473 

phenotypes. In summary, Fy serophenotype (at least if it is positive) may have a minimum 474 

or no impact on %GIA measured by the PkGIA, while the impact of Fy serophenotype on 475 

anti-PvDBP vaccine efficacy needs to be more fully evaluated in future larger Phase 2 tri- 476 

als.  477 

In the aforementioned PfGIA study, which exhibited a <balanced= design (i.e., the 478 

same set of samples were tested with multiple RBCs on each day, and the assays were 479 

repeated on multiple days), it was possible to separate out RBC-to-RBC variation (on the 480 

same day) and day-to-day variation (within the same RBC batch). It was shown that the 481 

RBC donor effect was approximately four times higher than the day effect on EoA. How- 482 

ever, in this study only one RBC batch was used on one assay day for most of the data sets 483 

analyzed. Hence, while the linear regression analysis for the Oxford data did show a sig- 484 

nificant assay-to-assay variation (p < 0.001) in Ave%GIA, we could not evaluate how 485 

much assay-to-assay variation could be explained by RBC-to-RBC or day-to-day variation. 486 

Interestingly, previous studies have found variations in Pk growth rate when blood sam- 487 

ples drawn from different donors were used for in vitro culture. These appear to be largely 488 

independent of DARC phenotype, suggesting that blood phenotypes beyond DARC and 489 

even donor-specific factors (e.g. diet, health, medication) potentially impact this variabil- 490 

ity in growth rate [21,23], which may in turn have an effect on GIA readouts. Another 491 

source for variability in the assay might be the state of the cultured parasites. A key vari- 492 

able for many examinations involving Plasmodium is the specific condition the parasites 493 

are in on the particular day of the experiment and the days preceding it. To investigate 494 

this in detail, further work with specifically designed experiments would be required. 495 

Nonetheless, the inclusion of a <parasite health criterion= or establishing the protocoliza- 496 

tion of parasite preparatory stages might aid in further reducing the SD both in the GIA 497 

and other similar assays involving Plasmodium.  498 

In GIA studies, not only %GIA of test samples at the same concentration(s), but also 499 

GIA50 values, have been widely used to compare functional activity among different sam- 500 

ples. However, the determination of the 50 %GIA threshold, instead of 60 or 30 %GIA for 501 

example, is chosen rather arbitrarily. In addition, although a significant correlation be- 502 

tween in vivo growth inhibition (IVGI) and in vitro growth inhibition (%GIA) was ob- 503 

served in the previously mentioned PvDBPII Phase 1/2a vaccine trials [19], the level of 504 

%GIA was generally low at 10 mg/mL (Figure 5A). Therefore, using mAb PkGIA data, we 505 

explored the possibility of other readouts, namely of GIA40 and GIA30, for future studies. 506 

As shown in Figure 4A, SDs for all three readouts were similar, indicating that the GIA40 507 

or GIA30 readout could be used to compare different samples with similar precision as the 508 

GIA50 readout. Of note, the 95%CI of SD for LogGIA50 from this study was between 0.154 509 

and 0.390, which overlapped with the best estimate of SD for LogGIA50 in PfGIA reported 510 

before (0.206) [25]. The result again suggests that the EoA in the PkGIA conducted at the 511 

University of Oxford and the EoA in the PfGIA conducted at the LMVR might be of similar 512 

magnitude. 513 

Performing multiple assays naturally improves the reliance of the accrued results. 514 

Under the assumption that a constant SD model reasonably explains the PkGIA results, 515 

the shrinkage of the 95%CI with repeat assays in our experiments was not linear, i.e. the 516 

95%CI window shrinks more from assay 1 to assay 2 than from assay 2 to 3 and so forth, 517 

while there is almost no diminishment from assay 9 to 10, as seen in Figures 3B, 4B and 518 

5C. Depending on the assay precision required, while also keeping practicality in mind, 519 

the number of repeat assays should be optimized in each study. For our data, it might not 520 

be worthwhile to perform more than four to five repeat assays for the purpose of mini- 521 

mizing the 95%CI window.  522 
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There are several limitations to our study. Only one species of parasite and strain was 523 

employed in the assay, namely A1-H.1 Pk transgenic for Sal-1 PvDBP, to evaluate antibod- 524 

ies against only one target molecule region, PvDBPII. Furthermore, relative parasitaemia 525 

was determined by pLDH activity in both laboratories. Parasite species or strain, target 526 

antigen, and/or a method of parasitaemia determination in the GIA 3 of which a multitude 527 

exists, e.g. biochemical assays like the pLDH assay, or assays based on microscopy or flow 528 

cytometry [42] 3 may influence the EoA and thus, upcoming evaluations should investi- 529 

gate on these parameters. With our PkGIA and previous PfGIA studies taken together, a 530 

SD of 10 in %GIA and SD of 0.2 - 0.3 in LogGIA50 can be considered reasonable starting 531 

points to design an EoA determination experiment for different GIAs in the future. More- 532 

over, the source of the EoA was not assessed in our experiments here. In addition to the 533 

RBC-to-RBC and day-to-day variations discussed above, well-to-well, plate-to-plate and 534 

operator-to-operator variations could contribute to the final assay-to-assay variation. 535 

Well-to-well variation has been calculated for the Oxford dataset, it was relatively small 536 

compared to the entire assay-to-assay variation (Median SD = 3.95, see Supplemental Fig- 537 

ure S1); yet, we do not possess enough data to estimate the other sources of variation 538 

mentioned above. A future <balanced= study with a higher number of assays (using mul- 539 

tiple batches of RBCs) and multiple samples will help in identifying the source(s) of the 540 

PkGIA EoA. 541 

 542 

5. Conclusions 543 

With recent data underlining the increasing importance of P. vivax control globally, 544 

the calls for an efficacious vaccine against this parasite species will only become more 545 

urgent. Robust candidate selection tools will be required for achieving development of 546 

such a vaccine. The GIA with transgenic Pk parasites expressing target Pv antigens has 547 

great potential in filling this role for blood-stage candidate vaccines, particularly with 548 

PkGIA results correlating with in vivo protection post-CHMI. This investigation marks the 549 

first study investigating EoA in the PkGIA, in which significant assay-to-assay variation 550 

was observed. These results might be considered in the down-selection process of new 551 

candidate formulations and thus aid in the development of a novel blood-stage vaccine, 552 

especially one with PvDBP as its target.  553 

 554 

Supplementary Materials: Figure S1: Intra-assay variability in %GIA in the mAb dataset accrued at 555 
the University of Oxford; Table S1: Original %GIA data for each sample at each concentration in 556 
every assay at both the University of Oxford and the LMVR. 557 
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