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Recent data indicate increasing disease burden and importance of Plasmodium vivax (Pv) malaria. A robust assay
will be essential for blood-stage Pv vaccine development. Results of the in vitro growth inhibition assay (GIA)
with transgenic P. knowlesi (Pk) parasites expressing the Pv Duffy-binding protein region II (PvDBPII) correlate

S:Cccl;(;n with in vivo protection in the first PvDBPII controlled human malaria infection (CHMI) trials, making the PkGIA
. . an ideal selection tool once the precision of the assay is defined. To determine the precision in percentage of

Blood-stage malaria antigen T X N . ) >

PVDBPIT inhibition in GIA (%GIA) and in GIAs (antibody concentration that gave 50 %GIA), ten GIAs with transgenic Pk

parasites were conducted with four different anti-PvDBPII human monoclonal antibodies (mAbs) at concentra-
tions of 0.016 to 2 mg/mL, and three GIAs with eighty anti-PvDBPII human polyclonal antibodies (pAbs) at 10
mg/mL. A significant assay-to-assay variation was observed, and the analysis revealed a standard deviation (SD)
of 13.1 in the mAb and 5.94 in the pAb dataset for %GIA, with a LogGIAsg SD of 0.299 (for mAbs). Moreover, the
ninety-five percent confidence interval (95 %CI) for %GIA or GIAsg in repeat assays was calculated in this
investigation. The error range determined in this study will help researchers to compare PkGIA results from
different assays and studies appropriately, thus supporting the development of future blood-stage malaria vac-
cine candidates, specifically second-generation PvDBPII-based formulations.

among them, Plasmodium falciparum (Pf) and the lesser studied Plas-
modium vivax (Pv) are responsible for the bulk of these infections [1].

1. Introduction

Malaria is the most pernicious of parasitic diseases and exerts an
enormous health and socioeconomic burden on many of the most
vulnerable populations and poorest regions on earth, in recent years
only aggravated by the impending climate crisis [1]. Six protozoan
parasite species of the genus Plasmodium are known to infect humans,

Whereas the lion’s share of morbidity and mortality is caused by Pf and
is mostly confined to Sub-Saharan Africa, Pv is found more extensively,
with Pv infections occurring in most tropical and subtropical regions of
the world, thus responsible for the majority of cases outside Sub-Saharan
Africa [2].
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While the overall lifecycles of the two species are similar, key bio-
logical differences impact epidemiology and complicate Pv malaria
control [3,4], and can be considered as being factors in this parasite’s
different and more widespread distribution. Firstly, the earlier produc-
tion of Pv gametocytes in the lifecycle leads to a more rapid trans-
mission. Secondly, Pv possesses the ability to form dormant parasites
within the liver, called hypnozoites, which can reactivate weeks, months
or even years after primary infection, facilitating waves of relapsing
parasitaemia, illness, and transmission [5]. Remarkably, these relapses
have been estimated to account for up to 80-90 % of new infections [6].
Thirdly, Pv merozoites exhibit a tropism for Duffy antigen receptor of
chemokines (DARC, also known as Fy glycoprotein (Fy)) positive red
blood cells (RBCs), thus limiting endemicity in West and Central African
populations, where Duffy blood group negativity provides natural
resistance against Py infection [7]. Moreover, Pv shows a clear tropism
for reticulocytes, for which reticulocyte binding-like proteins (RBPs)
appear to be responsible [8]. Consequently, the 6.9 million cases of Py
malaria reported in 2022 were found especially in the Americas, Oce-
ania (particularly the Western Pacific), South East Asia, and the Eastern
Mediterranean [1]. In most of these regions, Pv is the most prevalent
malaria parasite [ 1] with recent data demonstrating a significant burden
of morbidity and associated mortality in young children and pregnant
women [9]. Termed “benign” for many years, this resilient parasite
species in fact carries all of the attributes of “perniciousness” historically
only linked to Pf [10]. Additionally, in regions where Py and Pf are co-
endemic and Pf infection risk has been lessened by control measures,
there is a converse risk increase for Py infection; this increase is also seen
in patients treated for Pf malaria in these areas [4].

Historically, efforts to develop a Pv vaccine have lagged behind Pf
because of critical bottlenecks in the development process [11], among
them the absence of well-characterized anti-parasitic functional assays
due to the lack of a long-term in vitro culture system. Hence, only a few
novel candidate vaccines are in the pipeline or have even progressed to
the clinic [11]. Nevertheless, recent breakthroughs in Pv vaccine
development have been realized. Building on prior work in Australia
[12], a safe Pv blood-stage controlled human malaria infection (CHMI)
model was established for the first time in Europe with a Thai parasite
clone termed PyW1, whose genome was reported with a high quality
assembly [13]. Moreover, two vaccines targeting the leading P. vivax
blood-stage antigen Pv Duffy-binding protein region II (PvDBPII), based
on Py strain Salvador-1 (Sal-1) sequence, have advanced along the
clinical development pipeline [14,15]. The PvDBPII contains the re-
ceptor binding domain which interacts with the DARC found on re-
ticulocytes [16], thus facilitating parasite invasion of these RBCs [17].

A major milestone was next met when the protein PyDBPII vaccine
formulated in Matrix-M™ adjuvant showed ~ 50 % reduction in Py
parasite growth in the blood of vaccinees following CHMI with the PvW1
clone of Py [18]. This PYW1 clone used for CHMI harbours a single copy
of the PvDBP gene with a heterologous sequence to the recombinant Sal-
1 PyDBPII protein employed for vaccination, i.e. protection was afforded
in heterologous challenge [18]. In addition, the A1-H.1 strain of the
zoonotic Plasmodium knowlesi (Pk) species has been adapted for long-
term in vitro culture in human RBCs [19] and most importantly, trans-
genic Pk parasites expressing PvDBP have been developed [20-22]. As
PyDBP is able to fully complement the essential role of its Pk orthologue
in erythrocyte invasion, these parasites thus provide the first means to
routinely screen for functional anti-parasitic antibody activity in vitro,
without necessitating access to Pv-infected blood from the field. Above-
mentioned Pk-PvDBP parasites have now enabled functional screening
of anti-PvDBPII mAbs [20,23], whilst human purified total IgG from
PyDBPII vaccinees in the CHMI clinical trial showed functional in vitro
growth inhibition that correlated with the in vivo growth inhibition
(IVGI) of PyW1 parasites [18].

Future work will seek to build on these recent findings. For the
development of a next-generation vaccine, a tool for facilitation of
preclinical and clinical Go/No-Go decisions with regards to vaccine
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candidate selection will be essential. In vitro growth inhibition assays
(GIAs) for assessment of antibody-driven effects on parasite invasion or
growth have been an integral part of blood-stage Pf malaria research for
many years. While the GIA has been one of the most widely used func-
tional assays for blood-stage vaccine development, not all blood-stage
candidate antigens induce GIA-active antibodies (e.g., the antibody-
dependent cellular inhibition (ADCI) assay, not GIA, has been used for
several blood-stage candidates); moreover, GIA positivity in humans
after vaccination does not necessarily guarantee protective effects in the
field [24,25]. However, in case of the PvDBPII-based vaccine, there was
a significant correlation between IVGI and in vitro GIA using the trans-
genic Pk parasites (PkGIA) in the aforementioned CHMI clinical trial
[18], hence the PkGIA could now fill the exigent role of a candidate
selection tool for improved Pv vaccines; thereby defining novel immu-
nogen designs and/or formulations that elicit significantly higher levels
of growth inhibition in GIAs than the benchmark PyDBPII/Matrix-M™
vaccine. In turn, these formulations would be predicted to facilitate
much greater levels of IVGI in humans and ultimately, full protection.
For this, a robust assay, which can provide reliable and biologically
relevant data with high precision, is of paramount importance.

It is also of note that the significant correlation between IVGI and
PkGIA results does not necessarily mean that the functional activity of
vaccine-induced antibodies, which are measured by PkGIA, can explain
all protection mechanism induced by the vaccine. However, no alter-
native functional anti-parasitic assay has shown such significant corre-
lation in humans for PvDBP-based vaccines. Therefore, the PkGIA is
considered as the best surrogate tool available at this moment.

Moreover, a recent investigation has evaluated the precision or
“error of assay” (EoA) in PfGIA readouts for a reticulocyte-binding
protein homologue 5 (RH5)-based Pf vaccine by assessing parasite
lactate dehydrogenase activity (pLDH) [26]. However, EoA in GIAs
could differ depending on the parasite species, strain, as well as meth-
odology employed. Therefore, each assay must be evaluated individu-
ally. Our study reported here now characterizes the EoA in the
aforementioned PkGIA using monoclonal (mAbs) and polyclonal anti-
bodies (pAbs) against PvDBPII.

2. Materials and methods

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

Development of transgenic PvDBPPR/Apy parasites was previously
reported. In brief, these represent Pk parasites of the parental A1-H.1
strain which were genetically modified to express Py Salvador-1 (Sal-
1) strain PvDBP in place of the native PkDBPa. Using CRISPR-Cas9
genome editing, the PkDBPa gene was replaced by the PvDBP ortho-
logue (°®) with subsequent deletion of the PkDBPB and PkDBPy
paralogues, thereby creating a transgenic Pk line reliant on the PvDBP
for invasion of erythrocytes [21]. Parasites were cultured in type O, Rh
+ blood from different human donors, obtained both in-house from
volunteers at the University of Oxford and from the United Kingdom’s
National Health Service Blood and Transplant (NHSBT). Fy seropheno-
typing was done using anti-Fy(a) monoclonal, anti-Fy(b) polyclonal and
anti-human IgG/anti-human globulin blood typing reagents (Lorne
Laboratories). The cultures were set up and maintained according to
previously described protocols [19]. For maintenance, cultures were
incubated at 37 °C in non-vented flasks containing an atmosphere with a
gas mixture of 5 % O3, 5 % CO; and 90 % N,. The incomplete Pk culture
medium was prepared using 500 mL of RPMI-1640 liquid medium
(Sigma-Aldrich R0883) to which 2.97 g HEPES (Sigma-Aldrich H3375),
0.025 g hypoxanthine (Sigma-Aldrich H9636), 0.15 g NaHCO3 (Sigma-
Aldrich §5761), 1 g D-glucose (Sigma-Aldrich G7021) and 10 mL 100X
L-glutamine (Gibco 25030) were added. To complete the medium, 10
mL pooled heat-inactivated filter-sterilized human O + serum obtained
from NHSBT was mixed with 40 mL Pk incomplete culture medium and
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50 uL 10 mg/mL gentamicin (Sigma-Aldrich G1272). The 2x Pk com-
plete medium used in the GIAs was prepared by mixing 30 mL Pk
incomplete culture medium with 20 mL pooled heat-inactivated filter-
sterilized human O + serum and 100 pL 10 mg/mL gentamicin. If suf-
ficient late-stage parasites (i.e. > 2 % parasitaemia) were present in a
culture, synchronisation at trophozoite or schizont stage was performed
by utilizing magnetic activated cell sorting (Miltenyi Biotec MACS LD
columns).

2.2. Monoclonal antibody (mAb) production and purification

The anti-PvDBPII human IgG1l mAbs DB1, DB5, DB6 and DB9 [20]
were produced by transient transfection of HEK Expi293 cells (Thermo
Fisher Scientific). Briefly, cells were transfected following the manu-
facturer’s protocol using ExpiFectamine™ (Thermo Fisher Scientific),
including the addition of enhancer 1 and enhancer 2 (Thermo Fisher
Scientific) 18 h post-transfection. Supernatants were harvested seven
days after transfection via centrifugation and mAbs were purified from
culture supernatants using a 5 mL protein G column (Cytiva) in Tris-
Buffered Saline (TBS) on a fast protein liquid chromatography (FPLC)
system (Cytiva AKTA Pure). The mAbs were eluted as 1.7 mL fractions in
glycine (200 mM, pH 2.4) then neutralized with Tris buffer (1 M, pH
9.0). These fractions were then pooled and concentrated to 10 mL before
size exclusion chromatography (SEC) purification using a SEC column
(Cytiva Superdex 200 HiLoad 16/600 column) on the FPLC system into
TBS. Finally, mAbs were concentrated and buffer-exchanged into
incomplete Pk medium for the use in GIAs.

2.3. Growth inhibition assays (GIAs)

2.3.1. Gias with Pk parasites at the University of Oxford

Measurement of growth inhibition activity was adapted for Pk from
protocols from the Laboratory for Malaria and Vector Research (LMVR)
at National Institute of Allergy and Infectious Disease (NIAID), National
Institutes of Health (NIH), United States of America [27]. After dilution
to the desired concentrations with incomplete Pk medium, 20 pL of the
mAb samples and controls were introduced into sterile 96-well flat/half
area tissue culture plates (Corning 3696) in triplicates. The mAbs were
tested at concentrations 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 mg/mL (DB9),
respectively. The highest concentration (2 mg/mL) was set due to the
available amount of mAb for this study, and the lowest (0.016 mg/mL)
was determined based on the results from preliminary tests, where the
DB1, DB5 and DB9 mAbs virtually only showed background levels of
signal at ~ 0.02 mg/mL. When synchronization was complete, tropho-
zoite cultures were diluted to a late-stage parasitaemia of 1.5 % at 4 %
haematocrit in 2x Pk complete medium and then pipetted in volumes of
20 pL into aforementioned 96-well plates. Control wells included: only
infected erythrocytes and culture medium (normal parasite growth);
infected erythrocytes incubated in the presence of 5 mM EDTA (total
inhibition of parasite growth); and infected erythrocytes plus the anti-
Ebola virus glycoprotein human IgG1 antibody EBL040 [28] (negative
control mAb, no inhibition of parasite growth). It is known that the
transgenic parasites cannot invade Duffy-negative erythrocytes [19],
thus only Duffy positive RBCs were used for this study. It has also been
published that the mAbs employed in this study have functional activity
in the PkGIA [20]. Hence, it was decided to forgo the positive control in
our investigation. Nonetheless, the background level of the assay needed
to be determined, for this, the negative control anti-Ebola virus mAb was
included. The plates were incubated at 37 °C for ~ 27 h, equivalent to
one lifecycle of Pk in vitro. Each condition (control or test samples) was
tested in duplicate or triplicate wells in a single plate. Afterwards,
parasite growth in every well was evaluated using pLDH activity. For the
pLDH assay, 500 mL LDH buffer solution was prepared by mixing 50 mL
1 M Tris HCl (pH 8.0, Sigma-Aldrich T3038), 450 mL ddH,0, 2.8 g so-
dium L-lactate (Sigma-Aldrich L7022), and 1.25 mL Triton X-100 (Sigma
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Aldrich X100) for at least 30 min. Subsequently, a 10 mg nitro blue
tetrazolium (NBT) tablet (Sigma-Aldrich N5514) was introduced to 50
mL of the LDH buffer solution. Just prior to assay development, 50 pL 10
mg/mL 3-acetylpyridine adenine dinucleotide (APAD; Sigma-Aldrich
A5251) and 200 pL 50 U/mL diaphorase (Sigma-Aldrich D5540) were
added to every 10 mL LDH buffer/nitro blue tetrazolium mixture. 120 pL
of this mixture was then added to every well. Plates were read with a
microplate reader (BioTek TS800 absorbance reader) and the accom-
panying software (BioTek Gen5 software) at 650 nm once the optical
density had reached 0.4 to 0.6 in the infected erythrocyte/medium
control wells. Percentage of growth inhibition in the growth inhibition
assay (%GIA) was then calculated using the following formula:

%GIA = 100 — ((Immune sample Agsp — 5 mM EDTA Agsp)/(Infected
Control Agso — 5 mM EDTA Agsp) x 100).

2.3.2. GIA with Pk parasites at the LMVR

At the LMVR, human polyclonal antibodies (pAbs), which were
collected from three Phase 1/2a clinical trials designated VAC069,
VACO071 and VACO079, were evaluated. As reported previously [18],
these trials received ethical approval from UK National Health Service
Research Ethics Services, (VAC069: Hampshire A Research Ethics
Committee, Ref 18/SC/0577; VAC071: Oxford A Research Ethics Com-
mittee, Ref 19/SC/0193; VAC079: Oxford A Research Ethics Committee,
Ref 19/8C/0330). The vaccine trials were also approved by the UK
Medicines and Healthcare products Regulatory Agency (VACO071:
EudraCT 2019-000643-27; VAC079: EudraCT 2019-002872-14). All
participants provided written informed consent and the trials were
conducted according to the principles of the current revision of the
Declaration of Helsinki 2008 and ICH guidelines for Good Clinical
Practice.

The methodology of the PkGIA and median %GIA value from three
independent PkGIA for each pAb have been published elsewhere [18]. In
this study, the same data were reanalysed to determine the EoA of PkGIA
at the LMVR. In brief, the PkGIA was performed at 10 mg/mL purified
total IgG (Protein G purified from serum) by mixing with ~ 1.5 %
trophozoite-rich parasites in a final volume of 40 pL in 96-well plates.
After ~ 27 h of incubation, the relative parasitaemia in each well was
determined by pLDH activity. The 10 mg/mL test concentration was set
based on the average physiological concentration of total IgG in healthy
adults in developed countries [29].

2.4. Statistical analysis

For correlation analysis, a Spearman rank test was utilized (Graph-
Pad Prism software, version 9.3.1) and p < 0.05 was considered as
significant. The other analyses were performed using R (version 4.2.1,
The R Foundation for Statistical Computing). To evaluate total variance
and sources of variance (either variance that was determined by test
antibody and test concentration, or residual of variance) in %GIA, linear
model fits were performed using the Im function. Based on the residual
variance, the standard deviation (SD) of %GIA was calculated. To
determine the 95 percent confidence interval (95 %CI) of the SD in %
GIA readout, assay-stratified bootstrap analysis was performed, where a
data set was stratified by the assay number first; then resampling was
performed by the assay number instead of individual data points
because of the occurrence of significant assay-to-assay variation. The 95
%CI of the SD was estimated from 1,000 replications. For each mAb in
each assay, the antibody concentrations that gave 50, 40 or 30 %GIA
(GIAsg, GIA40, GIAg3g, respectively) were calculated using a four-
parameter logistic model with the lower asymptote parameter fixed at
0 using the L.4 function in the drc package version 3.0-1. The SD and 95
%CI of SD for Log-transformed GIAsg, GIA4g, or GIA3y readouts were
calculated as above.
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3. Results

3.1. Determination of the EoA in %GIA using PkGIA data with anti-
PyDBPII monoclonal antibodies (mAbs) at the University of Oxford

At the University of Oxford, A1-H.1 Pk malaria parasites expressing
Salvador-1 (Sal-1) strain PvDBPII (PvDBP°}/ APy) instead of their native
PkDBPa were cultured in human RBCs from different donors and used in
ten GIAs (assay numbers from AO1 to A10). In these GIAs, four human
IgG1l mAbs (anti-PvDBPII antibodies DB1, DB5, DB6 and DB9) were
tested with eight different batches of RBCs (RBC batch numbers from
RO1 to R0O8, where each RBC batch was utilized in one assay, except for
RO1 and RO5, which were used for two different assays) on eight
different days (each assay was conducted on a different day, except for
A01, A02 and A03, which were conducted on the same day). Testing of
growth inhibition was done at 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, 0.125, 0.08, 0.04
and 0.016 mg/mL for DB9 in each assay. Additionally, as a negative
control, EBL040 (an anti-Ebola virus human IgG1 mAb [28]) was used at
a concentration of 0.5 mg/mL. The original GIA values, assay day, and
RBC batch number for each assay can be found in supplementary
Table S1. For each anti-PvDBPII mAb, at each test concentration, the
average (Avg), standard deviation (SD) and percentage of coefficient of
variation (%CV) in percentage of inhibition in GIA (%GIA) were calcu-
lated from the ten assays (Fig. 1). To determine an appropriate model for
EoA analysis, correlations between Avg and SD, or between Avg and %
CV, were evaluated. There was no obvious effect by the different mAbs
used on either SD or %CV. Similar to what was seen in an earlier pub-
lication, where PfGIAs were conducted for one of the leading blood-
stage antigens for Pf, the reticulocyte-binding protein homologue 5
(RH5) [26], the SD was relatively stable with no significant correlation
between Avg and SD (p = 0.581). Regarding %CV on the other hand,
there was a strong negative correlation between Avg and %CV, i.e. %CV
decreased with increasing Avg (p < 0.0001 by a Spearman’s rank test).
Hence, the further analysis conducted was based upon a constant SD
model with non-transformed %GIA.

For determination of the EoA in %GIA, the difference in measured %
GIA from Avg%GIA was calculated for each mAb at each concentration
in every assay (AAvg%GIA). A strong assay effect was observable on
AAvg%GIA (Fig. 2). For instance, in assays 01 (A01) or 06 (A06), the
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majority of data points showed negative AAve%GIA values (i.e., lower
%GIA than the average of all ten assays). Conversely, the majority of
data points in AO3 or A10 were of higher %GIA than the ten-assay-
average. A linear regression analysis was thus conducted, in which
AAvg%GIA was utilized as a response variable. The specific mAb, the
test concentration of the mAb and one of three factors (assay day (8
different days), assay number (AO1 — A10), and RBC number (RO1 -
R08)) were included as explanatory values in each analysis. In all three
regression analyses undertaken, the specific mAb and test concentration
did not have significant impact (p > 0.999) on AAvg%GIA, indicating
that the EoA was similar among different mAbs at different test con-
centrations. On the other hand, the impact of assay day, assay number
and RBC number on the EoA were highly significant (p < 0.001). The
variation due to Duffy blood group serophenotype (Fy) was difficult to
evaluate in this study, because no single assay evaluated two or three Fy
serophenotypes  simultaneously. = However,  serophenotype-to-
serophenotype variation in AAvg%GIA seems smaller than the assay-
to-assay variation seen in the six assays (A01, A02, A03, A04, A06 and
A07) where all assays were conducted using RBCs with the same Fy®~/>*
serophenotype.

Another linear regression analysis was next performed to determine
the SD in %GIA. For this analysis, %GIA was used as a response variable,
while mAb choice and test concentrations were used as explanatory
variables. Total variance may be divided into two parts, the first being
“signal” (i.e. the variance that can be explained by which mAb was
tested at what concentration in the GIA), which a researcher actually
wants to measure, and the second being EoA (i.e. the remaining vari-
ance). The proportions of signal and EoA were 89 % and 11 % respec-
tively (Fig. 3A). Based on the variance of the EoA, the SD in %GIA of the
assay was calculated as 13.1, which was close to the average SD of 12.2
determined earlier (Fig. 1A), as predicted. In the previously mentioned
publication investigating the EoA of PfGIA [26], the SD was given as 7.5.
Since the estimated SD value in PkGIA with anti-PyDBPII mAbs was ~
1.7 times higher, to investigate whether the two SD values were truly
different, the 95 percent confidence interval (95 %CI) of the SD for the
PkGIA was estimated by an assay-stratified bootstrapping method.
Resulting from this, the 95 %CI of the SD was 8.4 to 15.7, which suggests
that the EoA in the PkGIA might be slightly larger than the EoA in the
PfGIA, but not radically different. Utilizing the SD value of 13.1, the
impact of repeat assay on the EoA in %GIA was investigated (Fig. 3B).
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Fig. 3. Range of error in %GIA estimates. (A) A linear regression analysis was performed with %GIA as a response variable, and mAb of choice as well as test
concentrations as explanatory variables. A proportion (%) of variance explained by mAb and test concentration (Signal) and that for residual (EoA) in the total
variance are presented. (B) From the standard deviation (SD) value of 13.1, the half width of the 95%CI in %GIA was calculated to determine impact for a given

number of repeat assays.

When a sample is tested in a single assay, the 95 %CI of the %GIA is
shown to be +/- 25.7 % points of observed %GIA. If the 95 %CI is to be
narrowed down to +/- 15 % points, three assays are required; whereas,
when striving for a 95 %CI of +/- 10 % points, four additional assays (i.
e., a total of seven assays) will be needed. After this, performing one
more extra assay only further reduces the 95 % CI width by < 2 % points.

3.2. Determination of EoA in GIAsg using PkGIA data with anti-PvDBPII
monoclonal antibodies (mAbs) at the University of Oxford

Subsequently, the SD for the antibody concentrations that gave 50,
40 or 30 percent of growth inhibition (GIAso/GIA40/GIA3, respectively)
was determined. The mAb DB6 could not facilitate more than 50 %GIA
in five out of ten assays, even at the maximum concentration of 2 mg/
mL. Consequently, DB6 data were excluded from analysis in the GIA5,
readout (while DB6 data were included for the GIA40/GIA3( analysis).
With only three (for GIAsg data) or four (GIA4 and GIAsp) data points
(one average, one SD and one %CV value per mAb), it was difficult to
construct and evaluate a proper model as was done for Fig. 1. Hence, the
assumption was made that a constant SD model would reasonably be
able to explain log-transformed GIAsoy, GIA4 and GIA3y values
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(LogGIAsg, LogGIA4g, and LogGIA3y, respectively), as was shown for the
PfGIA in the aforementioned publication [26], where SD of LogGIAsg
was relatively stable regardless of LogGIAsg level, while the SD of non-
transformed GIAso was affected by LogGIAsg level.

Making use of linear regression models once more, SDs in LogGIAs,
(excluding DB6 data), LogGIA4¢ and LogGIAso (both including DB6
data) were calculated and the 95 %CI of the SDs again determined by a
bootstrap analysis (Fig. 4A). 95 %CI ranges in SD exhibited an overlap in
all three readouts, indicating that the EoA is similar when GIAsg, GIA49
or GIA3( values are used for analysis. For the LogGIAs( readout, the SD
was calculated as 0.299 and this value was used to investigate the
impact of repeat assays on the EoA in a non-transformed GIAs( (Fig. 4B).
When testing a sample in a single assay (at serial dilutions), where the
observed GIAs is 1 mg/mL, the 95 %CI is between 0.3 to 3.9 mg/mL. If
three repeat assays are performed, where the geometric mean of GIAs,
=1 mg/mL, the 95 %CI range narrows to 0.5 to 2.2 mg/mL, while with
an additional seven assays (a total of ten assays) the 95 %CI range be-
comes 0.7 to 1.5 mg/mL.
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Fig. 4. Assay variation in LogGIAso/GIA40/GIA3o. (A) For each mAD in each assay, the concentrations that gave 50, 40 or 30 %GIA were calculated (GIAso/GIA40/
GIA30, respectively). Subsequently, linear regression analyses were performed, with Log-transformed GIAso/GIA40/GIA3o values as a response variable and mAb
tested as an explanatory variable. The SD in LogGIAs,/GIA40/GIA3o was calculated from the residual variance. The 95 %CI of the SD for each readout was estimated
from assay-stratified bootstrap analysis. The SD of LogGIAsy was calculated from three mAbs (excluding DB6), while those for LogGIA4 and LogGIAg, were
calculated from all four mAbs. (B) The 95 %CI range for a number of repeat assays is shown in a non-transformed GIAs, scale when the observed geometric mean of

GIAso = 1 mg/mL.

3.3. Determination of EoA in %GIA using PkGIA data with anti-PvDBPII
polyclonal antibodies (pAbs) at the laboratory of malaria and Vector
Research

All of the data evaluated so far made use of monoclonal antibodies
only. For investigating the EoA in PkGIAs conducted with human pAbs,
we turned to the analysis of some of our recently published data from a
PyDBPII Phase 1/2a clinical trial, involving CHMI. In this study, for
which the PkGIAs were conducted at the Laboratory of Malaria and
Vector Research (LMVR), 80 human anti-PvDBPII pAbs were tested at a
single concentration of 10 mg/mL in three independent assays using
three different batches of RBCs [18]. The original GIA values can be
found in supplementary Table S1. Similar to what was found for the
mAD dataset accrued in Oxford, for the pAb data, a constant SD model
was more appropriate for subsequent analysis when compared to a
constant %CV model (Spearman’s rank correlation coefficient p =
0.4246 vs p < 0.0001) (Fig. 5A, B). Just like for the mAb data, a linear
regression analysis was performed where %GIA value was utilized as a
response variable and pAb as an explanatory variable. Based on the
analysis, the SD in %GIA for PkGIA conducted at LMVR using pAbs was
estimated as 5.94. Once more, the impact of repeat assays on the 95 %CI
was evaluated (Fig. 5C). The 95 %CI range shrinks from +/- 11.6 %
points for a single assay to +/- 6.7 % points for three repeats, while after
10 assays are performed the range is estimated to be at +/- 3.7 % points.

In the mAb PkGIA, the test concentrations were optimized to provide
higher %GIA than the background level of the assay (~20 %GIA), except
for at the lowest concentration (or the second lowest concentration for
DB6). On the other hand, the pAbs were tested at 10 mg/mL based on the
physiological concentration of IgG in adult sera. As a result, relatively
lower %GIA values were observed for the pAbs compared to the mAb
dataset tested at the University of Oxford. When results of the negative
control EBLO40 mAb tested at Oxford were used to determine a
threshold of positive response (mean plus two SD, 18.8 %GIA), only 22
out of 80 samples (i.e. 27.5 %) exhibited positive Avg%GIA. To confirm
that the SD value was stable regardless of positive or negative responses,
another linear regression analysis was executed utilizing only the data
from the 22 positive samples. The resulting SD value was determined to
be 6.03, and thus very close to the SD of 5.94 from the analysis of the
whole dataset.

4. Discussion

This is the first study that investigates EoA in GIA for transgenic Pk
parasites expressing PvDBP, instead of their native PkDBPa (PvDBPOR/
Apy). Our PkGIA data made use of four human anti-PyDBPII mAbs tested
at different concentrations, as well as eighty human vaccine-induced
anti-PvDBPII pAbs at 10 mg/mL. In both cases, (non-transformed) %
GIA data were explained better by a constant SD model than a constant

A B C
204 1404 .
: _ 30+
120_%: O
- : 0\0 E
15 1004 5
> god ¥: o 204
2 104 o 80 vi s |
X 604 % )
i 20 Z 10-\\““‘_._“
20- s ]
7 £
0 T T T 1 07— Or—TTT 7T 1T
0 20 40 60 80 100 0 20 40 60 80 100 123456738910
Avg%GIA Avg%GIA Repeat assays

Fig. 5. EoA in PkGIA from a different dataset with human pAbs conducted at LMVR. Eighty human anti-PvDBPII polyclonal antibodies were evaluated at a con-
centration of 10 mg/mL in three independent GIAs using three different batches of RBCs. For each sample, Avg, SD (A) and %CV (B) were calculated. The vertical
black line in panels A and B indicates the mean + 2 SD value for 0.5 mg/mL EBL040 negative control mAb tested at the University of Oxford; the horizontal red line in
A demonstrates the mean SD (5.34) of all data points. (C) The half-width of the 95 %CI in %GIA for a given number of repeat assays is shown.
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%CV model. The SD in %GIA readout for the mAb dataset was 13.1 and
5.94 for the pAb dataset. In addition, based on the mAb data, the SD of
LogGIAs5 was calculated as 0.299. Using the SD values, the impact of
repeat assays on the error range (95 %CI) of observed %GIA or GIAsg
values were estimated.

Similar to the previous study, where the EoA was evaluated in PfGIA
using anti-RH5 human antibodies [26], we also observed a significant
assay-to-assay variation in PkGIA with anti-PyDBPII mAbs in this study.
This finding emphasizes the difficulty with directly comparing GIA re-
sults from different investigations, especially when the results from only
a single or two repeat assays are reported. The 95 %CI ranges calculated
in this study for a given number of assays will help not only in comparing
different formulations and/or immunological strategies to develop the
second generation of PvDBP-based vaccines but will also provide re-
searchers with insight on how to interpret GIA results from different
studies.

In our analysis, there was an almost two-fold difference in the best
estimated SD in %GIA for PkGIA conducted in the two examined labo-
ratories (13.1 at the University of Oxford vs 5.94 at the LMVR). Hence,
one might wonder whether researchers and vaccine developers need to
use different SD values and 95 %CI ranges (which in turn are calculated
from the SD values), depending on the sample type (either mAb or pAb)
or laboratory where the PkGIA is performed, since precision and accu-
racy of an assay may vary, particularly between laboratories [30]. With
the ever increasing need for international collaboration between in-
stitutions for facilitation of development of effective malaria vaccines
[31], this interlaboratory assay variability is a considerable factor when
it comes to interpretation of results. However, our assay-stratified
bootstrap analysis raised the question as to whether the two SD values
accrued in Oxford and the LMVR are truly different. Based on this
analysis, the 95 %CI for Oxford’s SD was between 8.4 and 15.7, i.e. the
true SD value of the Oxford %GIA data falls within this range with 95 %
probability — and thus highly likely — anywhere between 8.4 and 15.7.
Likewise, the observed SD value for the LMVR data (5.94) could natu-
rally deviate from the true SD value to a certain degree. At the University
of Oxford, ten assays were conducted, thus we are of the opinion that
performing an assay-stratified bootstrap analysis from 10'° possible data
combinations is reasonable to estimate the 95 %CI range of the true SD
value. On the other hand, only three assays per sample were performed
at the LMVR, therefore the same analysis was not performed (as there
are only 3° possible combinations), and we could not assess whether the
two SD values were of significant difference by a statistical test. To
answer whether the SD values from the two data sets are truly divergent
or not, further investigation is required, ideally with both laboratories
performing additional PkGIAs with the same variety of samples in
multiple assays. Interestingly, the previously reported SD in %GIA for
PfGIA (at the LMVR) was between the two SD values reported in this
study (SD = 7.5) [26], although the PfGIA used a different species of
parasite for GIA to test antibodies against a different antigen. Therefore,
whilst it is possible that the EoA in GIA could be dependent on the
parasites employed (e.g. different Pf strains or transgenic Pk parasites),
target antigen(s) and/or laboratory, unless experimentally confirmed, it
might be acceptable to assume that the SD in %GIA is around 10, at least
when the GIA is performed with reasonably strict adherence to the same
protocols and procedures, as in the two investigated laboratories here.

The evaluated mAb data included blood from donors with different
Duffy blood group (or DARC/Fy) serophenotypes: Fy**/?* Fy?~/P* and
Fy*™/~. We did not use Duffy-negative (Fy*/"~) RBCs in our study, as
the transgenic PyDBPOR/Apy parasite is known to only infect Duffy-
positive but not Duffy-negative RBCs [19]. The DARC genotype plays
a significant role in Pv RBC invasion, with large populations in Sub-
Saharan (and particularly West) Africa resistant to Py infection due to
being of Fy* />~ (or Duffy-negative) serophenotype [7,32]. Due to this
dependency of the Pv invasion pathway on the genetic makeup of the
chemokine receptor, it could speculate that this genotype might also
affect PkGIA results. Nevertheless, our study did not demonstrate an
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obvious Fy effect on AAve%GIA above the assay-to-assay variation
within the same Fy serophenotype. In other words, anti-PyvDBPII mAbs
used in this study were equally inhibitory and the same SD (or 95 %CI
range) could be used to interpret the PkGIA results for all three Fy
positive (i.e., Fy*™/*, Fy®*/>~ Fy?~/>+) serophenotypes. The impact of
Fy serophenotype on anti-PvDBP vaccine efficacy needs to be more fully
evaluated in future larger Phase 2 trials.

In the aforementioned PfGIA study, which exhibited a “balanced”
design (i.e., the same set of samples were tested with multiple RBCs on
each day, and the assays were repeated on multiple days), it was possible
to separate out RBC-to-RBC variation (on the same day) and day-to-day
variation (within the same RBC batch). It was shown that the RBC donor
effect was approximately four times higher than the day effect on EoA.
However, in this study only one RBC batch was used on one assay day,
except for RO1 (in A02 assay) and RO2 (in AO3 assay) batches of RBCs,
which were tested on the same day. Hence, while the linear regression
analysis for the Oxford data did show a significant assay-to-assay vari-
ation (p < 0.001) in AAve%GIA, we could not evaluate how much assay-
to-assay variation could be explained by RBC-to-RBC or day-to-day
variation. For the RBC-to-RBC variation, interestingly, previous studies
have found variations in Pk growth rate when blood samples drawn from
different donors were used for in vitro culture. These appear to be largely
independent of DARC phenotype, suggesting that blood phenotypes
beyond DARC and even donor-specific factors (e.g. diet, health, medi-
cation) potentially impact this variability in growth rate [19,21], which
may in turn have an effect on GIA readouts. However, if RBC-to-RBC
variation is the major source of assay-to-assay variation in this PkGIA,
as seen in the aforementioned PfGIA study, it is practically very chal-
lenging to reduce the assay-to-assay variation, because most laboratories
do not have the luxury of selecting the “best” RBCs for each assay, even if
one could identify one or multiple markers for this selection. Regarding
the day-to-day variation, there could be many different sources for the
variability, such as divergent routines within the boundaries of the
protocol (e.g., variation in temperature of sample that is mixed with
parasites or a 26- vs. 28-hour incubation time), technical variations
(even when a calibrated pipette and a spectrometer are used, there are
inevitable small errors in the volume determination and OD reading),
and the specific condition the parasites are in on the particular day of the
experiment and the days preceding it, a key variable for studies
involving Plasmodium. To investigate this in detail, further work with
specifically designed experiments would be required. Depending on the
results, users of the GIA need to consider whether it is possible to reduce
the EoA seen in the current assay, and if so, how this can be achieved.
For example, development of a stricter protocol, inclusion of a “parasite
health criterion”, and/or establishing the protocolization of parasite
preparatory stages might aid in further reducing the SD in the GIA.

In GIA studies, not only %GIA of test samples at the same concen-
tration(s), but also GIAso values, have been widely used to compare
functional activity among different samples. However, the determina-
tion of the 50 %GIA threshold, instead of 60 or 30 %GIA for example, is
chosen rather arbitrarily. In addition, although a significant correlation
between IVGI and in vitro growth inhibition (%GIA) was observed in the
previously mentioned PyDBPII Phase 1/2a vaccine trials [18], the level
of %GIA was generally low at 10 mg/mL (Fig. 5A). Therefore, using
mAbs PkGIA data, we explored the possibility of other readouts, namely
of GIA49 and GIAgy, for future studies. As shown in Fig. 4A, SDs for all
three readouts were similar, indicating that the GIA49 or GIA3 readout
could be used to compare different samples with similar precision as the
GIAs5( readout. Of note, the 95 %CI of the SD for LogGIAsg from this
study was between 0.154 and 0.390, which overlapped with the best
estimate of the SD for LogGIAsg in PfGIA reported before (0.206) [26].
This result again suggests that the EoA in the PkGIA conducted at the
University of Oxford and the EoA in the PfGIA conducted at the LMVR
might be of similar magnitude.

Performing multiple assays naturally improves the reliance of the
accrued results. In addition, increasing the number of technical
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replicates in a single assay (i.e., using more wells or more plates) is likely
to reduce the 95 %CI width of an observed inhibition value, although the
impact of such modification on the EoA was not assessed in this study.
Assessment with additional wells, plates and/or assays requires more
time and effort to obtain results. Therefore, the best assay design (i.e.,
how many wells, plates and assays are selected) should be optimized in
each study, depending on the level of precision targeted (e.g., how much
difference in %GIA among different samples is a significant enough to
influence a Go/No-Go decision for further development), number of
samples, and practicality (e.g., how much time and effort can be exerted
to answer the scientific question under study). Under the assumption
that a constant SD model reasonably explains the PkGIA results, the
shrinkage of the 95 %CI with repeat assays in our experiments was not
linear, i.e. the 95 %CI window shrinks more from assay 1 to assay 2 than
from assay 2 to 3 and so forth, while there is almost no diminishment
from assay 9 to 10, as seen in Fig. 3B, 4B and 5C. Therefore, at least
when the PkGIA is performed as described in this study (triplicate wells
in single plate per assay), it might not be worthwhile to perform more
than four to five repeat assays for the purpose of minimizing the 95 %CI
window.

There are several limitations to our study. Only one species of
parasite and strain was employed in the assay, namely Al1-H.1 Pk
transgenic for Sal-1 PvDBP, to evaluate antibodies against only one
target molecule region, PvDBPIL. Furthermore, relative parasitaemia
was determined by pLDH activity in both laboratories. Parasite species
or strain, target antigen, and/or a method of parasitaemia determination
in the GIA - of which a multitude exists, e.g. biochemical assays like the
pPLDH assay, or assays based on microscopy or flow cytometry [24] —
may influence the EoA and thus, upcoming evaluations should investi-
gate on these parameters. In the aforementioned PvDBPII/Matrix-M™
clinical trial [18] the same eighty pAbs were also tested at the LMVR
using the A.1-H.1 Pk transgenic parasites which express the W1 strain’s
version of PvDBP instead of the Sal-1 PvDBP. Based on the results, the SD
in %GIA was calculated as 6.51, which was very close to SD of 5.94
shown in Fig. 5. However, again, it is difficult to estimate the EoA in a
different PkGIA (e.g., when the PkGIA is performed using different
backbone Pk parasites or a different parasite detection method). Having
said that, with our PkGIA and previous PfGIA studies taken together, a
SD of 10 in %GIA and SD of 0.2-0.3 in LogGIAs( can be considered
reasonable starting points to design an EoA determination experiment
for different GIAs in the future. Moreover, the source of the EoA was not
assessed in our experiments here. In addition to the RBC-to-RBC and
day-to-day variations discussed above, well-to-well, plate-to-plate and
operator-to-operator variations could contribute to the final assay-to-
assay variation. Well-to-well variation has been calculated for the Ox-
ford dataset, it was relatively small compared to the entire assay-to-
assay variation (Median SD = 3.95, see Supplemental Fig. S1); yet
we do not possess enough data to estimate the other sources of variation
mentioned above. A future “balanced” study with a higher number of
assays (using multiple batches of RBCs) and multiple samples will help
in identifying the source(s) of the PkGIA EoA.

5. Conclusions

With recent data underlining the increasing importance of Py control
globally, the calls for an efficacious vaccine against this parasite species
will only become more urgent. Robust candidate selection tools will be
required for achieving development of such a vaccine. The GIA with
transgenic Pk parasites expressing target Pv antigens has great potential
in filling this role for blood-stage candidate vaccines, particularly with
PkGIA results correlating with in vivo protection post-CHMI. This
investigation marks the first study investigating the EoA in the PkGIA, in
which significant assay-to-assay variation was observed. These results
might be considered in the down-selection process of new candidate
formulations and thus aid in the development of a novel blood-stage
vaccine, especially one with PvDBP as its target.
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