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Background: Plasmodium falciparum variant surface antigens (VSAs) contribute to malaria
pathogenesis by mediating cytoadhesion of infected red blood cells to the microvasculature
endothelium. In this study, we investigated the association between anti-VSA antibodies
and clinical outcome in a controlled human malaria infection (CHMI) study.

Method:Weused flow cytometry and ELISA tomeasure levels of IgG antibodies to VSAs of
five heterologous and one homologous P. falciparum parasite isolates, and to two PfEMP1
DBLb domains in blood samples collected a day before the challenge and 14 days after
infection. We also measured the ability of an individual’s plasma to inhibit the interaction
between PfEMP1 and ICAM1 using competition ELISA. We then assessed the association
between the antibody levels, function, and CHMI defined clinical outcome during a 21-day
follow-up period post infection using Cox proportional hazards regression.

Results: Antibody levels to the individual isolate VSAs, or to two ICAM1-binding DBLb
domains of PfEMP1, were not associated with a significantly reduced risk of developing
parasitemia or of meeting treatment criteria after the challenge after adjusting for
exposure. However, anti-VSA antibody breadth (i.e., cumulative response to all the
isolates) was a significant predictor of reduced risk of requiring treatment [HR 0.23
(0.10-0.50) p= 0.0002].

Conclusion: The breadth of IgG antibodies to VSAs, but not to individual isolate VSAs, is
associated with protection in CHMI.

Keywords: malaria, Plasmodium falciparum, CHMI, variant surface antigens, anti-VSA antibodies, antibody
breadth, PfEMP1, ICAM1
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INTRODUCTION

The number of malaria cases has declined substantially over the
last few decades (1, 2), but 627 000 attributable deaths globally in
the year 2020 (1) still marks malaria out as a major health
concern especially in children under 5 years of age in sub-
Saharan Africa. The looming threat of mosquito resistance to
insecticides (3) and changes in feeding behavior (4), together
with the emergence of malaria parasite resistance to drugs
including artemisinin based combinations (5), has placed a
strong focus on vaccines as potentially the most effective ways
of eradicating malaria. The most advanced malaria vaccine to
date, RTS,S, confers partial and transient immunity to pre-
erythrocytic malaria parasites (6–8), thus pointing to the need
to develop vaccines that induce more potent and long-lasting
immunity. However, this is hampered by the complexity of the
malaria parasite’s life cycle, the variant and polymorphic nature
of many malaria antigens, and the lack of clear correlates of
immunity to malaria (9–12). Nonetheless, immuno-
epidemiological studies showing that humans acquire
immunity through repeated exposure to malaria (13–16) and
passive antibody transfer experiments (17, 18) provide the
incentive for the continued search for more efficacious malaria
vaccines against blood-stage parasites.

Among the proteins considered potential candidates for
malaria vaccine are the variant surface antigens (VSAs)
displayed on the surface of red blood cells infected by the
mature blood stage of malaria parasites (19–26). P. falciparum
erythrocyte membrane protein 1 (PfEMP1), one of the best
studied VSAs, plays an important role in malaria pathogenesis
by mediating the cytoadhesion and sequestration of infected red
blood cells to the endothelium of host blood vessels as a way of
escaping immune clearance. This adhesion, which is mediated by
host receptors such as ICAM1, EPCR and CD36, results in
vascular occlusion and inflammation, which are hallmarks of
severe malaria (27–31). The wide diversity of VSAs poses a
challenge in their inclusion in malaria vaccines. However, several
longitudinal studies have shown that antibodies to VSAs reduce
the risk of being reinfected by a variant recognized by those
antibodies, but not necessarily to other variants, but there are
also longitudinal studies that suggest that a degree of cross-
variant immunity also exists (24, 25, 32), thus justifying the
continued interest in understanding the role of anti-VSA
antibodies in immunity to malaria.

A complexity in studying immunity to malaria is in
distinguishing between immunological responses that are
simply markers of exposure and those that are causally linked
to immunity, as both increase concurrently with repeated
exposure to malaria. In addition, exposure to infected
mosquito bites in the field is heterogeneous, making it difficult
to distinguish between non-exposure and genuine immunity as
the reason for apparent protection in field-based immunology
studies (33). Controlled human malaria infection study (CHMI)
overcomes these challenges by ensuring homogenous exposure
with subsequent stringent monitoring of parasitemia and
symptoms. We used CHMI studies in Kenya to further explore
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the role of anti-VSA antibodies in immunity to malaria. We
sought to determine whether levels and function of anti-VSA
antibodies were associated with better clinical outcome among
the CHMI participants.
METHODS

Study Design and Population
This study was nested in a larger controlled human malaria
infection (CHMI) study conducted at KEMRI-Wellcome Trust
Research Programme (KWTRP) as described previously (34).
Briefly, healthy adults were recruited for CHMI from Ahero
(high malaria endemicity), Kilifi South (high malaria endemicity)
and Kilifi North (low malaria endemicity) locations in Kenya.
Following initial screening, 161 volunteers were administered
with 3.2×103 NF54 P. falciparum sporozoites and monitored for
parasite growth and clinical outcome for a period of 21 days.
Parasite growth was monitored using qPCR and individuals who
reached a parasite density of 500 parasites/µL or developed fever
were given anti-malarial drugs, while the rest were all treated on
day 22 (34). The blood samples collected from the participants
were processed to separate plasma and cells and stored at -80°C
until use. For this study, we used plasma collected a day before
(C-1) and 14 days after the challenge (C+14).

Parasite Isolates
Six P. falciparum isolates were used for this study, two
laboratory-adapted cultures (SAO75 and A4U) and four
heterologous ex-vivo isolates (6454, 19462, 19477, and NF54).
The ex-vivo parasite isolates (except NF54) were obtained from
patients admitted to the High Dependency Unit at Kilifi County
Hospital with severe malaria and cultured to mature trophozoites
stage before being frozen. The laboratory adapted isolates were
retrieved from liquid nitrogen storage, grown to mature
trophozoite and then frozen. The NF54 parasites isolated from
the study participants and expanded in culture appeared not to
express VSAs as we observed poor antibody recognition by
serum from highly immune positive controls as well as study
participant’s plasma samples (Supplementary Figure 1). This is
in line with previous studies that have shown that continuous
culture decreases var gene transcription and protein expression
(35, 36). We therefore produced an NF54 culture selected on
ICAM1 and CD36 to enhance VSA expression, referred to
hereafter as ‘NF54(ICAM1/CD36)’. All the isolates were
cultured in RPMI 1640 medium (Sigma) supplemented with
2mM L-glutamine, 37.5mM HEPES, 20mM glucose, 50µg/mL
sodium hypoxanthine, 25µg/mL gentamicin and 0.5% albumax
(all from Gibco) (37) and cryopreserved in glycerolyte (38).

Detection of Anti-VSA Antibodies
by Flow Cytometry
The frozen trophozoites were thawed as previously described
(38). A 10% suspension of the thawed infected red blood cells
pellet was prepared using 1XPBS. 2.5µL of the 10% pellet
May 2022 | Volume 13 | Article 894770
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suspension was added into 8.5µL of 1XPBS/0.5%BSA then
stained with 10µg/µL Ethidium Bromide (EtBr). The
suspension was incubated in a U-bottomed 96 well plate with
1µL of test plasma and malaria naïve control plasma for 30
minutes at room temperature to allow for antigen-antibody
binding. The cells were then washed three times using 1XPBS/
0.5%BSA by centrifugation at 110×g for 3 minutes. 50µL of
fluorescein isothiocyanate (FITC) conjugated sheep anti-human
IgG (Binding Site, UK) was added at 1:50 dilution and this was
incubated for 30 minutes in the dark, then washed 3 times with
1XPBS/0.5%BSA by centrifugation at 100×g for 3 minutes. The
pellet was then suspended in 200µL of 1XPBS. 100µL of the re-
suspended pellet was further diluted with 400µL of 1XPBS in a
FACS tube to bring the pellet volume to 0.05µL and 1000
trophozoite-infected erythrocytes were acquired from each
tube on a FACSCanto flow cytometer (Beckman Coulter, UK).

Gating Strategy
Data obtained from FACSCanto flow cytometer was analyzed
using FlowJo version 10. Ethidium Bromide staining was used to
distinguish between infected and uninfected red blood cells,
while the intensity of the FITC signal was considered a proxy
of the level of anti-VSA IgG antibodies. Background staining of
uninfected red blood cells was corrected by subtracting the
median fluorescent intensity (MdFI) of the uninfected red
blood cells from the MdFI of the infected red blood cells. To
correct for non-specific antibody binding, the background
adjusted MdFI of 13 malaria-naive European plasma was
subtracted from the MdFI test plasma.

Expression of Recombinant
Protein Domains
The ICAM1-binding DBLb domains of PF3D7_0425800
(previous ID PFD1235w) and PF3D7_1150400 (previous ID
PF11_0521) were expressed as HIS-tagged proteins in
Escherichia coli Shuffle C3030 cells (New England BioLabs)
and purified by immobilized metal ion affinity chromatography
using HisTrap HP 1-mL columns (GE Healthcare) as described
previously (28, 39). Recombinant Fc-tagged ICAM-1 was
expressed in HEK293 cells and purified as described
previously (40).

Detection of DBLb Reactive Antibodies
ELISA was used to analyze IgG reactivity to the above PfEMP1
DBLb domains. Briefly, Immunolon plates (Thermo Scientific)
were coated with 2.5µg/mL of the recombinant proteins
PF3D7_1150400 (PF11_0521) and PF3D7_0425800
(PFD1235w) diluted in ELISA carbonate coating buffer
(Thermo Scientific)and incubated overnight at 4°C. The plates
were then washed in PBST (1X PBS with 0.05% Tween 20)
followed by blocking with PBST and 1% skimmed milk for 1h at
room temperature. After washing with PBST, plasma samples
(1:100 in blocking buffer) were added and incubated for 1h at
room temperature. Binding was detected using rabbit anti-
human IgG-HRP (Dako, 1:5000 in blocking buffer). Malaria
naïve plasma samples were used as negative controls.
Frontiers in Immunology | www.frontiersin.org 3
Detection of Antibodies to P. falciparum
Schizont Extract
CHMI plasma samples collected a day before the challenge (C-1)
were analyzed for presence of antibodies against P. falciparum
schizont extract using ELISA as previously published (41).
Briefly, P. falciparum 3D7 parasites were cultured to schizont
stage. The harvested culture was sonicated, followed by a series of
freeze-thaw cycles to prepare the schizont extract. Different
dilutions of the schizont extract were coated on ELISA plates
and a pool of plasma from hyper immune individuals was used to
detect antibodies against the extract and determine the optimal
dilution of the extract to use for subsequent assays. Standard
ELISA protocol was followed to measure antibodies against the
schizont extract in the CHMI plasma samples.

Inhibition of Binding of PfEMP1 to ICAM1
To measure the ability of an individual’s plasma to inhibit the
interaction between the recombinant PfEMP1 DBLb domain
(PF3D7_1150400/PF11_0521) and ICAM1, we used competition
ELISA. First, Immunolon plates (Thermo Scientific) were coated
with 5µg/mL of PF3D7_1150400 recombinant protein and
incubated overnight at 4°C. The plates were then washed and
blocked with PBST and 1% skimmed milk for 1h at room
temperature. After washing, ICAM1–Fc (5µg/mL) and plasma
(1:10) were added simultaneously and incubated for 1h at room
temperature (42). The plates were then washed four times with
PBST. Bound ICAM1 was detected by mouse anti-human
ICAM-1 (PE anti-human CD54, cat.no 353106, BioLegend,
1:500) followed by goat anti-mouse IgG-HRP, (Dako, 1:5000).
Plasma samples from malaria naïve individuals from the UK
were used as negative controls.

Statistical Analysis
Data analysis was carried out using R version 4.0.5. For all tests,
P values of <0.05 were considered significant. Graphs were
generated using GraphPad Prism 8. The adjusted MdFI was
log transformed in R and normality of data was checked using
Shapiro test. Cox proportional hazard risk model was used to
assess the association between anti-VSA antibody levels and two
definitions of CHMI outcomes: 1) Time to establishment of a
PCR-detectable infection and 2) time to requiring treatment
during follow up.

To test if CHMI outcome was associated with the breadth of
anti-VSA antibodies across the whole panel of test isolates rather
than responses to individual isolates we developed an antibody
response breadth score for each participant. This was done by
assigning the participant’s response to each isolate a score of 0, 1,
2 or 3 depending on whether the response was in the lowest,
middle, or upper quartile of the responses to that isolate
respectively. The total score across the six isolates (minimum =
0, maximum = 18) was taken as the individual’s anti-VSA
antibodies breadth and was further 3 equal categorized as
“low” (total score 0-6), “medium” (total score 7-12) or “high”
(total score 13-18). The association between the breadth
categories and CHMI outcome was assessed using cox-
proportional hazard model.
May 2022 | Volume 13 | Article 894770
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Additionally, the association between antibodies to two
PfEMP1 DBLb domains (PF3D7_1150400/PF11_0521 and
PF3D7_0425800/PFD1235w) and CHMI outcome was also
assessed. The antibody-mediated inhibition of ICAM1 binding
of the DBLb domain was analyzed from two independent
experiments carried out in duplicates and the association with
CHMI outcomes assessed using Cox proportional hazard
risk model.

In all cases a univariable and subsequent multivariable
analysis with further stepwise regression was carried out and
the results are reported as “unadjusted” and “adjusted”.

To test if CHMI outcome was associated with changes in
antibody levels between day C-1 and day 14 after challenge,
Mann-Whitney U test was used to assess for significant
difference between the treated and untreated groups as well as
the PCR positive and PCR negative groups.
RESULTS

CHMI Outcome
Of the 161 participants enrolled for CHMI, 19 were excluded
from the final analysis due to infection with P. falciparum isolates
other than NF54 during follow-up or presence of anti-malarial
drug in their plasma as previously described (41, 43). The 142
participants included in the final analysis were grouped as either
untreated PCR negative (n=33), untreated PCR positive (n=53),
treated non-febrile (n=30), or treated febrile (n=26) based on
parasite growth monitored by qPCR or development of fever
during follow-up. Further details of the outcomes are described
elsewhere (43).

Anti-VSA Antibodies Response to a Panel
of Parasite Isolates
All the participants showed varied levels of anti-VSA antibodies
to all the test isolates. The ex-vivo isolates were better recognized
Frontiers in Immunology | www.frontiersin.org 4
with highest levels of antibodies being against isolate 19477 and
6454 and the lowest against NF54 (ICAM1/CD36) (Figure 1A).
Participants from Kilifi South and Ahero, which are high malaria
transmission areas, had higher levels of antibodies compared to
those from Kilifi North which is a low malaria transmission
area (Figure 1B).

Anti-VSA Antibodies and Risk of
Developing PCR-Detectable
Infection During CHMI
Antibody levels to each of the parasite isolates except NF54
(ICAM1/CD36), overall antibody breadth, binding inhibition
levels and anti-schizont antibodies were all significantly
associated with reduced risk of the endpoint of a PCR
detectable infection in univariable analysis (Table 1). However,
there was marked collinearity of the different responses with
varying degrees of positive cross-correlations (Supplementary
Figure 2). Antibodies to the specific parasite isolates were not
independently associated with reduced risk of acquiring PCR
detectable infection in a multivariable analysis model that
adjusted for antibodies to schizont extract as indicated
in Table 1.

Anti-VSA Antibodies and Risk of
Meeting a Threshold for Anti-Malarial
Treatment During CHMI
Similarly, univariable analysis showed that antibody levels to
each of the parasite isolates, overall antibody breadth, binding
inhibition levels and anti-schizont antibodies were all associated
with a significant reduction in the risk of meeting a threshold for
malaria treatment during follow-up (Table 2). However, only
breadth of antibody responses and anti-schizont antibodies were
significant predictors of reduced risk of reaching a threshold for
anti-malarial treatment on multivariable regression analysis
(Table 2 and Supplementary Table 1). Further analysis
showed that the untreated group had significantly higher levels
A

B

FIGURE 1 | Anti-VSA antibodies response and malaria endemicity. (A) The median and interquartile range of anti-VSA antibodies levels (expressed as log median
fluorescent intensity) against the panel of isolates. (B) Comparison of anti-VSA IgGs (expressed as log median fluorescent intensity) among individuals from low and
high malaria transmission areas. (**** - P-value = <0.0001).
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of anti-VSA antibodies compared to those who required
treatment (Supplementary Figure 3). Similarly, the untreated
group showed a higher binding inhibition ability compared to
the treated group ((Supplementary Figure 4).

We categorized the participant’s anti-VSA antibody breadth
into three categories, low, medium, or high. Having either medium
or high antibody breadth was associated with significantly longer
time to treatment compared to having low antibody breadth
(Figure 2). In addition, individuals who remained PCR negative
and those that did not require treatment during follow up had
significantly higher antibody breadth compared to those that
required treatment (Supplementary Figures 5A, B).

Boosting of Heterologous Anti-VSA
Antibodies After NF54 Challenge
Next, we assessed the effect of NF54 challenge on the levels of
anti-VSA antibodies to the test isolates. Comparing the response
one day prior to challenge with responses 14 days (C+14) after
the challenge, we observed significant boosting of antibodies
against two field isolates 19462, 19477 and the NF54 (ICAM1/
CD36) lab isolate. By contrast, the antibody levels to isolate 6454
dropped significantly by C+14, while there were no significant
Frontiers in Immunology | www.frontiersin.org 5
changes in the levels of antibody to the remaining two parasite
isolates (Supplementary Figure 6). We then stratified the
participants by outcome and compared the changes in
antibody responses between the groups. The untreated group
showed a significantly larger drop in antibodies to isolate 6454
compared to the treated group while there was no difference in
the change between the two groups for all the other isolates. The
same pattern of change was observed whether the outcome
considered was requiring treatment or establishment of a PCR
detectable infection (Figures 3A, B respectively).
DISCUSSION

In this study, we assessed the role of anti-VSA antibodies in
immunity against malaria in CHMI participants using three
approaches. We looked at the association between either
having anti-VSA antibodies to individual isolates or the
cumulative antibodies, or having antibodies to specific PfEMP1
domains, or having functional anti-VSA and CHMI outcome
defined by either establishment of a PCR detectable infection or
meeting the threshold for requiring treatment.
TABLE 1 | Univariable and multivariable cox regression models for risk of developing detectable parasitemia after the challenge.

Variable Univariable Multivariable (all variables) Multivariable (restricted)

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Anti-19462 0.74 (0.62-0.90) 0.0019 0.81 (0.56-1.18) 0.28 NA NA
Anti-19477 0.80 (0.65-0.99) 0.04 1.23 (0.84-1.79) 0.28 NA NA
Anti-6454 0.72 (0.60-0.87) 0.0005 0.83 (0.57-1.21) 0.34 0.92 (0.68-1.24) 0.59
Anti-A4U 0.80 (0.67-0.96) 0.01 0.89 (0.67-1.19) 0.44 NA NA
Anti-SAO75 0.72 (0.61-0.85) 0.0002 0.87 (0.64-1.19) 0.38 0.89 (0.66-1.20) 0.44
Anti-NF54 (ICAM1/CD36) 0.87 (0.72-1.04) 0.12 NA NA NA NA
Antibody breadth 0.75 (0.61-0.92) 0.01 1.22 (0.74-2.02) 0.43 NA NA
Anti-PF3D7_1150400 0.96 (0.84-1.10) 0.58 NA NA NA NA
Anti-PF3D7_0425800 1.03 (0.88-1.21) 0.70 NA NA NA NA
Binding inhibition 0.79 (0.64-0.99) 0.04 0.89 (0.70-1.14) 0.36 NA NA
Anti-Schizont 0.57 (0.44-0.74) <0.0001 0.70 (0.51-0.96) 0.03 0.67 (0.49-0.92) 0.01
May
 2022 | Volume 13 | Article
Multivariable (restricted): Stepwise regression including the factors indicated in the table.
NA, Indicates factors not included in the model.
TABLE 2 | Univariable and multivariable cox regression models for risk of meeting a threshold for treatment after the challenge.

Variable Univariable Multivariable (all variables) Multivariable (restricted)

HR (95% CI) P value HR (95%CI) P value HR (95%CI) P value

Anti-19462 0.57 (0.46-0.70) <0.0001 0.65 (0.39-1.09) 0.10 NA NA
Anti-19477 0.58 (0.47-0.72) <0.0001 1.52 (0.89-2.59) 0.12 NA NA
Anti-6454 0.51 (0.42-0.63) <0.0001 0.88 (0.49-1.60) 0.68 NA NA
Anti-A4U 0.62 (0.48-0.79) 0.0001 1.63 (1.06-2.53) 0.03 NA NA
Anti-SAO75 0.54 (0.45-0.66) <0.0001 1.00 (0.67-1.49) 0.99 NA NA
Anti-NF54 (ICAM1/CD36) 0.61 (0.48-0.78) 0.0001 1.81 (1.07-3.03) 0.03 NA NA
Antibody breadth 0.33 (0.24-0.46) <0.0001 0.23 (0.10-0.50) 0.0002 0.46 (0.32-0.67) <0.0001
Anti-PF3D7_1150400 0.83 (0.71-0.96) 0.01 1.27 (0.69-2.32) 0.44 NA NA
Anti-PF3D7_0425800 0.98 (0.79-1.22) 0.85 NA NA NA NA
Binding inhibition 0.58 (0.40-0.83) 0.0028 0.71 (0.43-1.16) 0.17 NA NA
Anti-Schizont 0.13 (0.21-0.34) <0.0001 0.31 (0.17-0.55) 0.0001 0.40 (0.25-0.64) 0.0001
Multivariable (restricted): Stepwise regression including the factors indicated in the table.
NA, Indicates factors not included in the model.
894770

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kimingi et al. Role of Anti-VSA Antibodies in CHMI
The notable finding in this study is that having a wide breadth
of anti-VSA antibodies to a panel of randomly selected isolates is
associated with a reduced risk of meeting the threshold for
treatment in a controlled human malaria infection with isolate
NF54. Although anti-VSA antibodies to individual isolates and
to two PfEMP1 DBLb domains were significantly associated with
reduced risk of treatment in a univariable analysis, the
association was not observed in a multivariable analysis. On
the other hand, none of the anti-VSA antibodies or related
parameters were associated with immunity against establishing
a PCR-detectable infection following a multivariable analysis.

There are two potential explanations for these findings: The
first is that all the apparent associations between anti-VSA
Frontiers in Immunology | www.frontiersin.org 6
antibodies and CHMI outcomes are confounded, and high anti-
VSA antibodies are just markers of immunity mediated by other
mechanisms which increase co-incidentally with exposure. To
account for this possibility, we used a multivariable analysis
model that included antibodies to schizont extract. The extract
represents potentially all blood-stage malaria parasite antigens and
therefore should correct for confounding protection by
mechanisms targeted at other antigens that were not specifically
tested here. The fact that having a wide antibody breadth remained
significantly associated with reduced risk of reaching a threshold
for treatment even after adjusting for schizont extract suggest that
cumulative anti-VSA antibodies, by their own right, can provide
protection against high parasitemia and/or symptoms in CHMI.
FIGURE 2 | Kaplan Meier survival analysis of time to treatment stratified by individuals’ breadth of anti-VSA antibodies at day C-1. The dotted line denotes the
median survival time where the survival probability is below 50%. Medium breadth score: HR= 0.38(95%CI 0.21-0.67, p=0.0008). High breadth score: HR= (0.08
(95%CI 0.03-0.24,p=<0.0001).
A

B

FIGURE 3 | Change in heterologous anti-VSA antibodies levels after the challenge. Anti-VSA antibodies to the test isolates a day before and on day 14 after the
challenge stratified by: (A) treatment outcome and (B) parasitaemia (*- P<0.05).
May 2022 | Volume 13 | Article 894770
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The lack of association between any of the parameters relating to
anti-VSA antibodies and protection against establishment of a PCR-
detectable parasitemia is consistent with observations in immuno-
epidemiological studies suggesting some individuals acquire a form
of immunity that protect from clinical symptoms but not infection
(44, 45). On the other hand, the observation that specific anti-VSA
responses to individual isolates were not associated with protection,
but that breadth of anti-VSA antibodies to a randomly selected
panel of isolates protects against high parasitemia and symptoms is
interesting, given that prior work reports variant specificity of anti-
VSA antibodies (25, 46). It is possible that in addition to the
predominantly variant specific anti-VSA antibodies responses,
malaria infections also generates a small amount of partially
cross-reactive anti-VSA antibodies (47). With repeated infections,
the partially cross-reactive antibodies accumulate sufficiently to
provide significant protection against symptomatic infection by a
wide range of variants including NF54.

We further explored the possibility that the heterologous anti-
VSA antibodies were cross-reactive with the NF54 specific anti-VSA
antibodies by looking at the changes in the levels of the antibodies
14 days after challenge. Significant boosting was apparent for
antibodies to two of the clinical isolates (19477 and 19462). There
was also a slight boost in the levels of anti-NF54 (ICAM1/CD36),
but a significant drop was observed in the case of anti-6454
antibodies. There was no change in the level of antibodies to the
lab isolates. The observed changes were similar whether all
participants were considered together or stratified by CHMI
outcome. The boosting of antibodies to field isolates by the
challenge infection suggest that there may be some level of cross-
reactivity with NF54. By extension, the lack of boosting of
antibodies by the lab isolates may be reflecting the narrowness of
the antibodies specific to these clonal isolates. However, the NF54
(ICAM1/CD36) parasites that we use have been selected in vitro for
specific VSAs binding to ICAM1/CD36, and in vivo NF54 is likely
to express a greater variety of VSAs. Furthermore, it is then perhaps
not surprising that no single anti-VSA response predicts immunity,
since individuals with a single anti-VSA specificity will result in
parasite selection for alternative VSA expression. On the other hand,
individuals with a broad range of anti-VSA responses are protected
against parasite growth due to protection against cytoadherence.We
speculate that protection against low-level parasitemia requires
other immunological responses.

This study was limited by inability to measure the levels of anti-
VSA antibodies to the actual infecting NF54 isolate. Parasites
isolated from the participants appeared not to express VSAs upon
culturing and were not recognised by antibodies from any of the
participants. Altered or loss of expression of VSAs upon in vitro
culturing is a commonly observed phenomenon (48). This is due to
many factors, including use of Albumax instead of human serum to
supplement the culture media which influences knobs and VSA
expression (49). To circumvent this problem, we used NF54 that
was selected to express VSAs binding to the endothelial receptors
ICAM1 and CD36 by panning on recombinant ICAM1 and CD36
proteins and confirmed to select for expression of VSAs that bind to
these proteins (data not shown). Although homologous to the
isolate used to infect the CHMI participants, the selected isolate
Frontiers in Immunology | www.frontiersin.org 7
may represent only a portion of the full NF54 VSA repertoire.
Second, recent findings have highlighted the importance of
persistent IgM responses against blood stage antigens (50). In this
study, we only measured IgG antibodies and we cannot make any
conclusion regarding IgM antibodies to VSAs among the study
participants. We therefore recommend further studies to examine
the role of pre-existing anti-VSA IgM in parasite growth control and
disease outcome in CHMI.

Previous longitudinal studies have shown that VSAs are
associated with variant-specific immunity to malaria, but most of
the studies are either in children or pregnant women (51–53). This
study suggests that, despite VSA diversity, there is some level of
cross-protection (albeit small) between variants. Understanding the
mechanism behind this cross-protection, for example, if it is driven
by conserved, but poorly immunogenic epitopes, could form the
basis for further studies on VSA as potential vaccine candidates.
MEMBERS OF THE CHMI-SIKA
STUDY TEAM

Abdirahman I Abdi, KEMRI-Wellcome Trust Research
Programme, Kilifi, Kenya; Yonas Abebe, Sanaria Inc.,
Rockville, MD, USA; Agnes Audi, Centre for Clinical Research,
Kenya Medical Research Institute, Kisumu, Kenya; Philip Bejon,
KEMRI-Wellcome Trust Research Programme, Kilifi, Kenya;
Centre for Tropical Medicine and Global Health, Nuffield
Department of Medicine, University Oxford, Oxford, UK;
Peter Billingsley, Sanaria Inc., Rockville, MD, USA; Peter C
Bull, Department of Pathology, University of Cambridge,
Cambridge, UK; Primus Che Chi, KEMRI-Wellcome Trust
Research Programme, Kilifi, Kenya; Zaydah de Laurent,
KEMRI-Wellcome Trust Research Programme, Kilifi, Kenya;
Susanne H Hodgson, The Jenner Institute, University of
Oxford, Oxford, UK.; Stephen Hoffman, Sanaria Inc.,
Rockville, MD, USA; Eric James, Sanaria Inc., Rockville, MD,
USA; Irene Jao, KEMRI-Wellcome Trust Research Programme,
Kilifi, Kenya; Dorcas Kamuya, KEMRI-Wellcome Trust
Research Programme, Kilifi, Kenya; Gathoni Kamuyu, KEMRI-
Wellcome Trust Research Programme, Kilifi, Kenya; Silvia
Kariuki, KEMRI-Wellcome Trust Research Programme, Kilifi,
Kenya; Nelson Kibinge, KEMRI-Wellcome Trust Research
Programme, Kilifi, Kenya; Sam Kinyanjui, KEMRI-Wellcome
Trust Research Programme, Kilifi, Kenya; Centre for Clinical
Research, Kenya Medical Research Institute, Kisumu, Kenya;
Pwani University, P. O. Box 195-80108, Kilifi, Kenya; Cheryl
Kivisi, Pwani University, P. O. Box 195-80108, Kilifi, Kenya;
Nelly Koskei, Centre for Clinical Research, Kenya Medical
Research Institute, Kisumu, Kenya; Mallika Imwong, Faculty of
Tropical Medicine, Department of Molecular Tropical Medicine
and Genetics, Mahidol University, Bangkok, Thailand; Brett
Lowe, KEMRI-Wellcome Trust Research Programme, Kilifi,
Kenya; Centre for Tropical Medicine and Global Health,
Nuffield Department of Medicine, University Oxford, Oxford,
UK; Johnstone Makale, KEMRI-Wellcome Trust Research
Programme, Kilifi, Kenya; Kevin Marsh, KEMRI-Wellcome
May 2022 | Volume 13 | Article 894770

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kimingi et al. Role of Anti-VSA Antibodies in CHMI
Trust Research Programme, Kilifi, Kenya; Centre for Tropical
Medicine and Global Health, Nuffield Department of Medicine,
University Oxford, Oxford, UK; Vicki Marsh, KEMRI-Wellcome
Trust Research Programme, Kilifi, Kenya; Centre for Tropical
Medicine and Global Health, Nuffield Department of Medicine,
University Oxford, Oxford, UK; Khadija Said Mohammed,
KEMRI-Wellcome Trust Research Programme, Kilifi, Kenya;
Moses Mosobo, KEMRI-Wellcome Trust Research Programme,
Kilifi, Kenya; Sean C Murphy, Departments of Laboratory
Medicine and Microbiology, University of Washington, Seattle,
Washington, USA; Jennifer Musyoki, KEMRI-Wellcome Trust
Research Programme, Kilifi, Kenya; Michelle Muthui, KEMRI-
Wellcome Trust Research Programme, Kilifi, Kenya; Jedidah
Mwacharo, KEMRI-Wellcome Trust Research Programme,
Kilifi, Kenya; Daniel Mwanga, KEMRI-Wellcome Trust
Research Programme, Kilifi, Kenya; Joyce Mwongeli, KEMRI-
Wellcome Trust Research Programme, Kilifi, Kenya; Francis
Ndungu, KEMRI-Wellcome Trust Research Programme, Kilifi,
Kenya; Maureen Njue, KEMRI-Wellcome Trust Research
Programme, Kilifi, Kenya; George Nyangweso, KEMRI-
Wellcome Trust Research Programme, Kilifi, Kenya; Domitila
Kimani, KEMRI-Wellcome Trust Research Programme, Kilifi,
Kenya; Joyce M. Ngoi, KEMRI-Wellcome Trust Research
Programme, Kilifi, Kenya; Janet Musembi, KEMRI-Wellcome
Trust Research Programme, Kilifi, Kenya; Omar Ngoto, KEMRI-
Wellcome Trust Research Programme, Kilifi, Kenya; Edward
Otieno, KEMRI-Wellcome Trust Research Programme, Kilifi,
Kenya; Bernhards Ogutu, Centre for Clinical Research, Kenya
Medical Research Institute, Kisumu, Kenya; Center for Research
in Therapeutic Sciences, Strathmore University, Nairobi, Kenya;
Fredrick Olewe, Centre for Clinical Research, Kenya Medical
Research Institute, Kisumu, Kenya; James Oloo, Centre for
Clinical Research, Kenya Medical Research Institute, Kisumu,
Kenya; Donwilliams Omuoyo, KEMRI-Wellcome Trust
Research Programme, Kilifi, Kenya; John Ongecha, Centre for
Clinical Research, Kenya Medical Research Institute, Kisumu,
Kenya; Martin O Ongas, Centre for Clinical Research, Kenya
Medical Research Institute, Kisumu, Kenya; Center for Research
in Therapeutic Sciences, Strathmore University, Nairobi, Kenya;
Michael Ooko, KEMRI-Wellcome Trust Research Programme,
Kilifi, Kenya; Jimmy Shangala, KEMRI-Wellcome Trust
Research Programme, Kilifi, Kenya; Betty Kim Lee Sim, Centre
for Tropical Medicine and Global Health, Nuffield Department
of Medicine, University Oxford, Oxford, UK; Joel Tarning,
Centre for Tropical Medicine and Global Health, Nuffield
Department of Medicine, University Oxford, Oxford, UK;
Mahidol-Oxford Tropical Medicine Research Unit, Mahidol
University, Bangkok, Thailand; Juliana Wambua, KEMRI-
Wellcome Trust Research Programme, Kilifi, Kenya; Thomas
N Williams, KEMRI-Wellcome Trust Research Programme,
Kilifi, Kenya; Department of Medicine, Imperial College,
London, UK; Markus Winterberg, Centre for Tropical
Medicine and Global Health, Nuffield Department of
Medicine, University Oxford, Oxford, UK; Mahidol-Oxford
Tropical Medicine Research Unit, Mahidol University,
Bangkok, Thailand
Frontiers in Immunology | www.frontiersin.org 8
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: Harvard Dataverse,
URL: https://doi.org/10.7910/DVN/AYWX0Y.
ETHICS STATEMENT

Ethical approval was obtained from KEMRI Scientific and Ethics
Review Unit (KEMRI//SERU/CGMR-C/029/3190) and the
University of Oxford Tropical Research Ethics Committee
(OxTREC 2-16). The patients/participants provided their
written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

SK, AA, and CK designed the study. HK, AK, KM, and SK
analyzed the data. HK, AK, and SK and wrote the first draft of the
manuscript. PB, MK, SK, AA, and CK edited the manuscript.
HK, AK, RN, NA, and SM performed flow cytometry
experiments. NA performed binding inhibition assays. AJ
provided the PfEMP1 recombinant proteins and edited the
manuscript. All authors contributed to interpretation of the
analyses and revised the draft manuscript.
FUNDING

This work was, in part, supported by the Tackling Infections to
Benefit Africa (TIBA, NIHR Project no. 16/136/33) and in part,
by The Wellcome Trust (grant no.107769/Z/10/Z) and the UK
Foreign, Commonwealth and Development Office, with support
from the Developing Excellence in Training Science and
Leadership in Africa DELTAS Africa Initiative [DEL-15-003].
CAK was funded by the Wellcome Trust (grant 080883). ATRJ is
supported by a Lundbeck Foundation grant (R313-2019-322).
The views expressed in this publication are those of the author(s)
and not necessarily those of NHS, NIHR, Wellcome Trust,
Lundbeck Foundation, or the UK government.
ACKNOWLEDGMENTS

We would like to thank all the CHMI study participants. This
manuscript is published with permission of the Director of the
Kenya Medical Research Institute.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
894770/full#supplementary-material
May 2022 | Volume 13 | Article 894770

https://doi.org/10.7910/DVN/AYWX0Y
https://www.frontiersin.org/articles/10.3389/fimmu.2022.894770/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.894770/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kimingi et al. Role of Anti-VSA Antibodies in CHMI
REFERENCES
1. WHO.World Malaria Report 2021 (2021). Available at: https://www.who.int/

teams/global-malaria-programme/reports/world-malaria-report-2021.
2. Nkumama IN, O'MearaWP, Osier FHA. Changes in Malaria Epidemiology in

Africa and New Challenges for Elimination. Trends Parasitol (2017) 33
(2):128–40. doi: 10.1016/j.pt.2016.11.006

3. Liu N. Insecticide Resistance in Mosquitoes: Impact, Mechanisms, and
Research Directions. Annu Rev Entomol (2015) 60:537–59. doi: 10.1146/
annurev-ento-010814-020828

4. Cator LJ, Lynch PA, Thomas MB, Read AF. Alterations in Mosquito
Behaviour by Malaria Parasites: Potential Impact on Force of Infection.
Malar J (2014) 13:164. doi: 10.1186/1475-2875-13-164

5. Rosenthal PJ. Artemisinin Resistance Outside of Southeast Asia. Am J Trop
Med Hyg (2018) 99(6):1357–9. doi: 10.4269/ajtmh.18-0845

6. Agnandji ST, Lell B, Soulanoudjingar SS, Fernandes JF, Abossolo BP,
Conzelmann C, et al. First Results of Phase 3 Trial of RTS,S/AS01 Malaria
Vaccine in African Children. N Engl J Med (2011) 365(20):1863–75. doi:
10.1056/NEJMoa1102287

7. Mahmoudi S, Keshavarz H. Efficacy of Phase 3 Trial of RTS, S/AS01 Malaria
Vaccine: The Need for an Alternative Development Plan. Hum Vaccin
Immunother (2017) 13(9):2098–101. doi: 10.1080/21645515.2017.1295906

8. Olotu A, Fegan G, Wambua J, Nyangweso G, Leach A, Lievens M, et al. Seven-
Year Efficacy of RTS,S/AS01 Malaria Vaccine Among Young African
Children. N Engl J Med (2016) 374(26):2519–29. doi: 10.1056/
NEJMoa1515257

9. Gardner MJ, Hall N, Fung E, White O, Berriman M, Hyman RW, et al.
Genome Sequence of the Human Malaria Parasite Plasmodium Falciparum.
Nature (2002) 419(6906):498–511. doi: 10.1038/nature01097

10. Florens L, Washburn MP, Raine JD, Anthony RM, Grainger M, Haynes JD,
et al. A Proteomic View of the Plasmodium Falciparum Life Cycle. Nature
(2002) 419(6906):520–6. doi: 10.1038/nature01107

11. Weiss GE, Traore B, Kayentao K, Ongoiba A, Doumbo S, Doumtabe D, et al.
The Plasmodium Falciparum-Specific Human Memory B Cell Compartment
Expands Gradually With Repeated Malaria Infections. PloS Pathog (2010) 6
(5):e1000912. doi: 10.1371/journal.ppat.1000912

12. Ogutu BR, Apollo OJ, McKinney D, Okoth W, Siangla J, Dubovsky F, et al.
Blood Stage Malaria Vaccine Eliciting High Antigen-Specific Antibody
Concentrations Confers No Protection to Young Children in Western
Kenya. PloS One (2009) 4(3):e4708. doi: 10.1371/journal.pone.0004708

13. Dent AE, Nakajima R, Liang L, Baum E, Moormann AM, Sumba PO, et al.
Plasmodium Falciparum Protein Microarray Antibody Profiles Correlate
With Protection From Symptomatic Malaria in Kenya. J Infect Dis (2015)
212(9):1429–38. doi: 10.1093/infdis/jiv224

14. Chan JA, Boyle MJ, Moore KA, Reiling L, Lin Z, Hasang W, et al. Antibody
Targets on the Surface of Plasmodium Falciparum-Infected Erythrocytes That
Are Associated With Immunity to Severe Malaria in Young Children. J Infect
Dis (2019) 219(5):819–28. doi: 10.1093/infdis/jiy580

15. Gupta S, Snow RW, Donnelly C, Newbold C. Acquired Immunity and
Postnatal Clinical Protection in Childhood Cerebral Malaria. Proc Biol Sci
(1999) 266(1414):33–8. doi: 10.1098/rspb.1999.0600

16. Gupta S, Snow RW, Donnelly CA, Marsh K, Newbold C. Immunity to Non-
Cerebral Severe Malaria is Acquired After One or Two Infections. Nat Med
(1999) 5(3):340–3. doi: 10.1038/6560

17. Cohen S, Mc GI, Carrington S. Gamma-Globulin and Acquired Immunity to
Human Malaria. Nature (1961) 192:733–7. doi: 10.1038/192733a0

18. Sabchareon A, Burnouf T, Ouattara D, Attanath P, Bouharoun-Tayoun H,
Chantavanich P, et al. Parasitologic and Clinical Human Response to
Immunoglobulin Administration in Falciparum Malaria. Am J Trop Med
Hyg (1991) 45(3):297–308. doi: 10.4269/ajtmh.1991.45.297

19. Tan J, Piccoli L, Lanzavecchia A. The Antibody Response to Plasmodium
Falciparum: Cues for Vaccine Design and the Discovery of Receptor-Based
Antibodies. Annu Rev Immunol (2019) 37:225–46. doi: 10.1146/annurev-
immunol-042617-053301

20. Marsh K, Otoo L, Hayes RJ, Carson DC, Greenwood BM. Antibodies to Blood
Stage Antigens of Plasmodium Falciparum in Rural Gambians and Their
Relation to Protection Against Infection. Trans R Soc Trop Med Hyg (1989) 83
(3):293–303. doi: 10.1016/0035-9203(89)90478-1
Frontiers in Immunology | www.frontiersin.org 9
21. Osier FH, Mackinnon MJ, Crosnier C, Fegan G, Kamuyu G, Wanaguru M,
et al. New Antigens for a Multicomponent Blood-Stage Malaria Vaccine. Sci
Transl Med (2014) 6(247):247ra102. doi: 10.1126/scitranslmed.3008705

22. Chan JA, Fowkes FJ, Beeson JG. Surface Antigens of Plasmodium Falciparum-
Infected Erythrocytes as Immune Targets and Malaria Vaccine Candidates.
Cell Mol Life Sci (2014) 71(19):3633–57. doi: 10.1007/s00018-014-1614-3

23. Tuju J, Kamuyu G, Murungi LM, Osier FHA. Vaccine Candidate Discovery
for the Next Generation of Malaria Vaccines. Immunology (2017) 152(2):195–
206. doi: 10.1111/imm.12780

24. Bull PC, Abdi AI. The Role of PfEMP1 as Targets of Naturally Acquired
Immunity to Childhood Malaria: Prospects for a Vaccine. Parasitology (2016)
143(2):171–86. doi: 10.1017/S0031182015001274

25. Bull PC, Lowe BS, Kortok M, Molyneux CS, Newbold CI, Marsh K. Parasite
Antigens on the Infected Red Cell Surface Are Targets for Naturally Acquired
Immunity to Malaria. Nat Med (1998) 4(3):358–60. doi: 10.1038/nm0398-358

26. Chan JA, Howell KB, Reiling L, Ataide R, Mackintosh CL, Fowkes FJ, et al.
Targets of Antibodies Against Plasmodium Falciparum-Infected Erythrocytes
in Malaria Immunity. J Clin Invest (2012) 122(9):3227–38. doi: 10.1172/
JCI62182

27. Hviid L, Jensen AT. PfEMP1 - A Parasite Protein Family of Key Importance in
Plasmodium Falciparum Malaria Immunity and Pathogenesis. Adv Parasitol
(2015) 88:51–84. doi: 10.1016/bs.apar.2015.02.004

28. Lennartz F, Adams Y, Bengtsson A, Olsen RW, Turner L, Ndam NT, et al.
Structure-Guided Identification of a Family of Dual Receptor-Binding
PfEMP1 That Is Associated With Cerebral Malaria. Cell Host Microbe
(2017) 21(3):403–14. doi: 10.1016/j.chom.2017.02.009

29. Jensen AR, Adams Y, Hviid L. Cerebral Plasmodium Falciparum Malaria: The
Role of PfEMP1 in its Pathogenesis and Immunity, and PfEMP1-Based Vaccines
to Prevent It. Immunol Rev (2020) 293(1):230–52. doi: 10.1111/imr.12807

30. Newbold CI, Craig AG, Kyes S, Berendt AR, Snow RW, Peshu N, et al.
PfEMP1, Polymorphism and Pathogenesis. Ann Trop Med Parasitol (1997) 91
(5):551–7. doi: 10.1080/00034983.1997.11813173

31. Su XZ, Heatwole VM, Wertheimer SP, Guinet F, Herrfeldt JA, Peterson DS,
et al. The Large Diverse Gene Family Var Encodes Proteins Involved in
Cytoadherence and Antigenic Variation of Plasmodium Falciparum-Infected
Erythrocytes. Cell (1995) 82(1):89–100. doi: 10.1016/0092-8674(95)90055-1

32. Mackintosh CL, Mwangi T, Kinyanjui SM, Mosobo M, Pinches R, Williams
TN, et al. Failure to Respond to the Surface of Plasmodium Falciparum
Infected Erythrocytes Predicts Susceptibility to Clinical Malaria Amongst
African Children. Int J Parasitol (2008) 38(12):1445–54. doi: 10.1016/
j.ijpara.2008.03.009

33. Kinyanjui SM, Bejon P, Osier FH, Bull PC, Marsh K. What You See is Not
What You Get: Implications of the Brevity of Antibody Responses to Malaria
Antigens and Transmission Heterogeneity in Longitudinal Studies of Malaria
Immunity. Malar J (2009) 8:242. doi: 10.1186/1475-2875-8-242

34. Kapulu MC, Njuguna P, Hamaluba MM, Team C-SS. Controlled Human
Malaria Infection in Semi-Immune Kenyan Adults (CHMI-SIKA): A Study
Protocol to Investigate In Vivo Plasmodium Falciparum Malaria Parasite
Growth in the Context of Pre-Existing Immunity. Wellcome Open Res (2018)
3:155. doi: 10.12688/wellcomeopenres.14909.1

35. Peters Jennifer M, Fowler Elizabeth V, Krause Darren R, Cheng Q, Gatton
Michelle L. Differential Changes Inplasmodium Falciparum Vartranscription
During Adaptation to Culture. J Infect Dis (2007) 195(5):748–55. doi: 10.1086/
511436

36. Udeinya IJ, Graves PM, Carter R, Aikawa M, Miller LH. Plasmodium
Falciparum: Effect of Time in Continuous Culture on Binding to Human
Endothelial Cells and Amelanotic Melanoma Cells. Exp Parasitol (1983) 56
(2):207–14. doi: 10.1016/0014-4894(83)90064-4

37. TragerW, Jensen JB. HumanMalaria Parasites in Continuous Culture. Science
(1976) 193(4254):673–5. doi: 10.1126/science.781840

38. Kinyanjui SM, Howard T, Williams TN, Bull PC, Newbold CI, Marsh K. The
Use of Cryopreserved Mature Trophozoites in Assessing Antibody
Recognition of Variant Surface Antigens of Plasmodium Falciparum-
Infected Erythrocytes. J Immunol Methods (2004) 288(1-2):9–18. doi:
10.1016/j.jim.2004.01.022

39. Bengtsson A, Joergensen L, Rask TS, Olsen RW, Andersen MA, Turner L,
et al. A Novel Domain Cassette Identifies Plasmodium Falciparum PfEMP1
Proteins Binding ICAM-1 and is a Target of Cross-Reactive, Adhesion-
May 2022 | Volume 13 | Article 894770

https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2021
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2021
https://doi.org/10.1016/j.pt.2016.11.006
https://doi.org/10.1146/annurev-ento-010814-020828
https://doi.org/10.1146/annurev-ento-010814-020828
https://doi.org/10.1186/1475-2875-13-164
https://doi.org/10.4269/ajtmh.18-0845
https://doi.org/10.1056/NEJMoa1102287
https://doi.org/10.1080/21645515.2017.1295906
https://doi.org/10.1056/NEJMoa1515257
https://doi.org/10.1056/NEJMoa1515257
https://doi.org/10.1038/nature01097
https://doi.org/10.1038/nature01107
https://doi.org/10.1371/journal.ppat.1000912
https://doi.org/10.1371/journal.pone.0004708
https://doi.org/10.1093/infdis/jiv224
https://doi.org/10.1093/infdis/jiy580
https://doi.org/10.1098/rspb.1999.0600
https://doi.org/10.1038/6560
https://doi.org/10.1038/192733a0
https://doi.org/10.4269/ajtmh.1991.45.297
https://doi.org/10.1146/annurev-immunol-042617-053301
https://doi.org/10.1146/annurev-immunol-042617-053301
https://doi.org/10.1016/0035-9203(89)90478-1
https://doi.org/10.1126/scitranslmed.3008705
https://doi.org/10.1007/s00018-014-1614-3
https://doi.org/10.1111/imm.12780
https://doi.org/10.1017/S0031182015001274
https://doi.org/10.1038/nm0398-358
https://doi.org/10.1172/JCI62182
https://doi.org/10.1172/JCI62182
https://doi.org/10.1016/bs.apar.2015.02.004
https://doi.org/10.1016/j.chom.2017.02.009
https://doi.org/10.1111/imr.12807
https://doi.org/10.1080/00034983.1997.11813173
https://doi.org/10.1016/0092-8674(95)90055-1
https://doi.org/10.1016/j.ijpara.2008.03.009
https://doi.org/10.1016/j.ijpara.2008.03.009
https://doi.org/10.1186/1475-2875-8-242
https://doi.org/10.12688/wellcomeopenres.14909.1
https://doi.org/10.1086/511436
https://doi.org/10.1086/511436
https://doi.org/10.1016/0014-4894(83)90064-4
https://doi.org/10.1126/science.781840
https://doi.org/10.1016/j.jim.2004.01.022
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kimingi et al. Role of Anti-VSA Antibodies in CHMI
Inhibitory Antibodies. J Immunol (2013) 190(1):240–9. doi: 10.4049/
jimmunol.1202578

40. Bengtsson A, Joergensen L, Barbati ZR, Craig A, Hviid L, Jensen AT.
Transfected HEK293 Cells Expressing Functional Recombinant Intercellular
Adhesion Molecule 1 (ICAM-1)–A Receptor Associated With Severe
Plasmodium Falciparum Malaria. PloS One (2013) 8(7):e69999. doi:
10.1371/journal.pone.0069999

41. Kapulu MC, Kimani D, Njuguna P, Hamaluba M, Otieno E, Kimathi R, et al.
Controlled Human Malaria Infection (CHMI) Outcomes in Kenyan Adults Is
Associated With Prior History of Malaria Exposure and Anti-Schizont
Antibody Response. BMC Infect Dis (2022) 22(1):86. doi: 10.1186/s12879-
022-07044-8

42. Olsen RW, Ecklu-Mensah G, Bengtsson A, Ofori MF, Lusingu JPA, Castberg
FC, et al. Natural and Vaccine-Induced Acquisition of Cross-Reactive IgG-
Inhibiting ICAM-1-Specific Binding of a Plasmodium Falciparum PfEMP1
Subtype Associated Specifically With Cerebral Malaria. Infect Immun (2018)
86(4):e00622-17. doi: 10.1128/IAI.00622-17

43. Kapulu MC, Njuguna P, Hamaluba M, Kimani D, Ngoi JM, Musembi J, et al.
Safety and PCR Monitoring in 161 Semi-Immune Kenyan Adults Following
Controlled Human Malaria Infection. JCI Insight (2021) 6(17):146443. doi:
10.1172/jci.insight.146443

44. Wamae K, Wambua J, Nyangweso G, Mwambingu G, Osier F, Ndung'u F,
et al. Transmission and Age Impact the Risk of Developing Febrile Malaria in
Children With Asymptomatic Plasmodium Falciparum Parasitemia. J Infect
Dis (2019) 219(6):936–44. doi: 10.1093/infdis/jiy591

45. Snow RW, Omumbo JA, Lowe B, Molyneux CS, Obiero JO, Palmer A, et al.
Relation Between Severe Malaria Morbidity in Children and Level of
Plasmodium Falciparum Transmission in Africa. Lancet (1997) 349
(9066):1650–4. doi: 10.1016/S0140-6736(97)02038-2

46. Bull PC, Lowe BS, Kortok M, Marsh K. Antibody Recognition of Plasmodium
Falciparum Erythrocyte Surface Antigens in Kenya: Evidence for Rare and
Prevalent Variants. Infect Immun (1999) 67(2):733–9. doi: 10.1128/
IAI.67.2.733-739.1999

47. Recker M, Nee S, Bull PC, Kinyanjui S, Marsh K, Newbold C, et al. Transient
Cross-Reactive Immune Responses can Orchestrate Antigenic Variation in
Malaria. Nature (2004) 429(6991):555–8. doi: 10.1038/nature02486

48. Bachmann A, Petter M, Tilly AK, Biller L, Uliczka KA, Duffy MF, et al.
Temporal Expression and Localization Patterns of Variant Surface Antigens
in Clinical Plasmodium Falciparum Isolates During Erythrocyte Schizogony.
PloS One (2012) 7(11):e49540. doi: 10.1371/journal.pone.0049540
Frontiers in Immunology | www.frontiersin.org 10
49. Tilly AK, Thiede J, Metwally N, Lubiana P, Bachmann A, Roeder T, et al. Type
of In Vitro Cultivation Influences Cytoadhesion, Knob Structure, Protein
Localization and Transcriptome Profile of Plasmodium Falciparum. Sci Rep
(2015) 5:16766. doi: 10.1038/srep16766

50. Boyle MJ, Chan JA, Handayuni I, Reiling L, Feng G, Hilton A, et al. IgM in
Human Immunity to Plasmodium Falciparum Malaria. Sci Adv (2019) 5(9):
eaax4489. doi: 10.1126/sciadv.aax4489

51. Ofori MF, Dodoo D, Staalsoe T, Kurtzhals JA, Koram K, Theander TG, et al.
Malaria-Induced Acquisition of Antibodies to Plasmodium Falciparum
Variant Surface Antigens. Infect Immun (2002) 70(6):2982–8. doi: 10.1128/
IAI.70.6.2982-2988.2002

52. Tebo AE, Kremsner PG, Piper KP, Luty AJ. Low Antibody Responses to
Variant Surface Antigens of Plasmodium Falciparum are Associated With
Severe Malaria and Increased Susceptibility to Malaria Attacks in Gabonese
Children. Am J Trop Med Hyg (2002) 67(6):597–603. doi: 10.4269/
ajtmh.2002.67.597

53. Feng G, Aitken E, Yosaatmadja F, Kalilani L, Meshnick SR, Jaworowski A,
et al. Antibodies to Variant Surface Antigens of Plasmodium Falciparum-
Infected Erythrocytes are Associated With Protection From Treatment Failure
and the Development of Anemia in Pregnancy. J Infect Dis (2009) 200(2):299–
306. doi: 10.1086/599841
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Kimingi, Kinyua, Achieng,Wambui, Mwangi, Nguti, Kivisi, Jensen,
Bejon, Kapulu, Abdi, Kinyanjui and CHMI-SIKA Study Team. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
May 2022 | Volume 13 | Article 894770

https://doi.org/10.4049/jimmunol.1202578
https://doi.org/10.4049/jimmunol.1202578
https://doi.org/10.1371/journal.pone.0069999
https://doi.org/10.1186/s12879-022-07044-8
https://doi.org/10.1186/s12879-022-07044-8
https://doi.org/10.1128/IAI.00622-17
https://doi.org/10.1172/jci.insight.146443
https://doi.org/10.1093/infdis/jiy591
https://doi.org/10.1016/S0140-6736(97)02038-2
https://doi.org/10.1128/IAI.67.2.733-739.1999
https://doi.org/10.1128/IAI.67.2.733-739.1999
https://doi.org/10.1038/nature02486
https://doi.org/10.1371/journal.pone.0049540
https://doi.org/10.1038/srep16766
https://doi.org/10.1126/sciadv.aax4489
https://doi.org/10.1128/IAI.70.6.2982-2988.2002
https://doi.org/10.1128/IAI.70.6.2982-2988.2002
https://doi.org/10.4269/ajtmh.2002.67.597
https://doi.org/10.4269/ajtmh.2002.67.597
https://doi.org/10.1086/599841
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Breadth of Antibodies to Plasmodium falciparum Variant Surface Antigens Is Associated With Immunity in a Controlled Human Malaria Infection Study
	Introduction
	Methods
	Study Design and Population
	Parasite Isolates
	Detection of Anti-VSA Antibodies by Flow Cytometry
	Gating Strategy
	Expression of Recombinant Protein Domains
	Detection of DBLβ Reactive Antibodies
	Detection of Antibodies to P. falciparum Schizont Extract
	Inhibition of Binding of PfEMP1 to ICAM1
	Statistical Analysis

	Results
	CHMI Outcome
	Anti-VSA Antibodies Response to a Panel of Parasite Isolates
	Anti-VSA Antibodies and Risk of Developing PCR-Detectable Infection During CHMI
	Anti-VSA Antibodies and Risk of Meeting a Threshold for Anti-Malarial Treatment During CHMI
	Boosting of Heterologous Anti-VSA Antibodies After NF54 Challenge

	Discussion
	Members of the CHMI-SIKA Study Team
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


