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Abstract

Background: The dysregulation of B cell activation is prevalent during naturally acquired immunity against malaria.
Osteopontin (OPN), a protein produced by various cells including B cells, is a phosphorylated glycoprotein that
participates in immune regulation and has been suggested to be involved in the immune response against malaria.
Here we studied the longitudinal concentrations of OPN in infants and their mothers living in Uganda, and how OPN
concentrations correlated with B cell subsets specific for P falciparum and B cell activating factor (BAFF). We also inves-
tigated the direct effect of OPN on P, falciparum in vitro.

Results: The OPN concentration was higher in the infants compared to the mothers, and OPN concentration in
infants decreased from birth until 9 months. OPN concentration in infants during 9 months were independent of OPN
concentrations in corresponding mothers. OPN concentrations in infants were inversely correlated with total atypical
memory B cells (MBCs) as well as P, falciparum-specific atypical MBCs. There was a positive correlation between OPN
and BAFF concentrations in both mothers and infants. When OPN was added to P, falciparum cultured in vitro, para-
sitemia was unaffected regardless of OPN concentration.

Conclusions: The concentrations of OPN in infants were higher and independent of the OPN concentrations in
corresponding mothers. In vitro, OPN does not have a direct effect on P, falciparum growth. Our correlation analysis
results suggest that OPN could have a role in the B cell immune response and acquisition of natural immunity against
malaria.
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Background

P, falciparum malaria still remains a major health threat
in sub-Saharan Africa, and children aged less than 5
years of age and pregnant women are particularly vul-
nerable. In 2019, there was an estimated 409 000 deaths
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from malaria globally of which 94 % occurred in the Afri-
can region [1]. Malaria in pregnancy represents a special
challenge and is associated with low birth weight, mater-
nal anemia, preterm delivery and stillbirth [2-4]. P fal-
ciparum infected red blood cells (RBC) expressing the
parasite-derived protein VAR2CSA sequester in the pla-
centa, which can partly explain the increased susceptibil-
ity to malaria in pregnant women [5].
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Although sterile immunity against malaria is almost
never achieved, individuals living in malaria endemic
areas can acquire clinical immunity to severe forms of
P, falciparum malaria [6, 7]. To date, there is no effective
malaria vaccine that can function in a non-immune pop-
ulation, and the mechanisms underlying the development
of immunity are not well defined. However, naturally
acquired immunity against blood stage parasites has been
shown to involve both CD4+ T cells and antibodies [8,
9]. Studies have demonstrated that passively transferred
IgG from semi-immune adults with repeated prior expo-
sure to P, falciparum can clear or reduce parasitemia in
children acutely infected with P, falciparum [10]. Numer-
ous investigations have revealed that the quality, level,
and breadth of the antibody response are important com-
ponents of clinical immunity in malaria [11-14]. In addi-
tion, primigravidae are at highest risk of P falciparum
pregnancy-associated malaria compared to multigravi-
dae, and multiple pregnancies lead to the acquisition of
antibodies against VAR2CSA, which reduces the preva-
lence and severity of infection [15, 16].

The slow development of malaria immunity and the
poor sustainability suggest an interference with the
immune homeostasis by the malaria parasite [17]. In
order to understand the production and sustainabil-
ity of antibodies, B cell studies are needed. For malaria,
alterations such as polyclonal B cell activation, atypical
memory B cell expansion, and deletion of specific B cell
subsets are well described [17-23]. Nevertheless, the
mechanisms leading to this B cell dysregulation are not
entirely understood.

Osteopontin (OPN) is a phosphorylated glycophos-
phoprotein also referred to as early T-lymphocyte acti-
vation-1 (Eta-1) factor or secreted phosphoprotein-1
(SPP-1) [24]. Osteopontin is involved in numerous bio-
logical functions depending on its intra- or extracellular
localization, such as bone mineralization, wound heal-
ing, inflammatory diseases, cancer, cellular adhesion
and migration [25-27], as well as immune regulation
[28]. It is expressed in various tissues and cells, including
immune cells such as neutrophils, macrophages and B-
and T cells [29]. Osteopontin plays an important role in
the Th1 immune response. In vivo, mice deficient in OPN
gene expression were reported to have severely compro-
mised type-1 immunity to some intracellular infections
such as Listeria monocytogenes, Mycobacterium bovis and
Herpes simplex virus type 1, potentially due to decreased
production of IL-12 and interferon-gamma [30]. Besides
having a key role in dendritic cell maturation and migra-
tion [26], OPN additionally functions as a polyclonal
B cell activator and stimulates immunoglobulin pro-
duction, particularly IgM and IgG3 antibodies [31, 32].
Increased OPN concentration have also been reported to
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be associated with diseases of autoimmune B cell involve-
ment such as systemic lupus erythematosus [33], psoria-
sis [34] and Sjogren’s disease [35]. In severe infections,
OPN is believed to be expressed by B cells, as IL-4 acti-
vates B cell signaling through BCR and PI3K, NF-«B and
pERK [36].

Studies indicate that members of the tumor necrosis
factor (TNF) superfamily such as B cell activation factor
(BAFF; also known as BlyS) and a proliferation-induc-
ing ligand (APRIL), have important roles in T cell inde-
pendent antibody production, immunoglobulin isotype
switching and in the selection, maturation and survival
of B cells [37, 38]. In a mouse model with multiple scle-
rosis, it was demonstrated that BAFF-stimulated B cells
increased OPN secretion, leading to expression of the
anti-apoptotic molecule Bcl2 in T cells [39]. These results
suggest a role for both BAFF and OPN in T cell survival
in autoimmune diseases.

To our knowledge there are merely two previous
reports on the potential role of OPN in malaria infec-
tion. In a Vietnamese cohort positive for P falciparum,
OPN mRNA was detected in a majority of cases, and in
these there was also a higher expression of both interleu-
kin-12 p40 and interferon-y [40]. The level of parasitemia
was lower in the OPN mRNA-positive group, suggesting
OPN has a role in suppressing multiplication of para-
sites. Correspondingly, the second study demonstrated
how OPN knock-out mice died of the murine malaria P
chaubadi chaubadi, while wild-type mice had self-limit-
ing infections [41].

Previous studies of OPN concentrations in cord blood
are sparse, and to our knowledge no other study has
investigated OPN concentration in both infants and
their mothers in a malaria endemic area. In the present
study, we measured longitudinal variations in concentra-
tions of OPN in mothers and their infants and monitored
them over nine months. We also determined correlations
between concentrations of OPN and P. falciparum-spe-
cific B cell subsets, and antibodies to P. falciparum schi-
zont extract as well as concentrations of BAFF [21, 42].
Additionally, we investigated the effect of OPN on para-
sitic growth using an in vitro invasion assay. These results
are important for understanding acquisition of natural
immunity to malaria, and for further vaccine and treat-
ment studies of the disease.

Results

Characteristics of participants

Blood samples from 80 mother-infant pairs were
included in the analysis of OPN concentration. Fifty-
eight pairs had samples from all six time points: mothers
at birth, infants at birth, infants at 2.5, 6 and 9 months
and mothers at 9 months. Only 18 pairs had sufficient
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Fig. 1 Distribution of individual and estimated mean OPN plasma concentrations (ng/mL) in infants and mothers at each time point. Each
dot represents an individual value, horizontal lines the estimated mean from linear mixed models, and whiskers show the corresponding 95 %
confidence intervals; *** significant at P < 0.001 tested by linear mixed models. A OPN concentrations in infants at birth, 2.5 months, 6 months, and

9 months. B OPN concentrations in mothers at delivery and after 9 months

sample material for five of the six time points and 4 pairs
had enough for four time points. Plasma samples col-

lected from anonymous 35 Ugandan and 20 Swedish 8007 - Infants

healthy male adults were included as controls. — s00- . ] Mothers
-

Concentration of OPN in plasma in mothers and infants %,

Individual concentrations of OPN in infants varied £ 400+

between 5 ng/mL (at 6 months of age) and 1573 ng/mL g

(at 2.5 months) (Fig. 1A). In the mothers, the lowest and 2004

highest individual concentrations were 3 and 518 ng/mL,

respectively (Fig. 1B), measured at the 9-month follow- 0- - -

up and at delivery. Estimated mean OPN concentrations
from linear mixed models are shown in Fig. 1 A and B.
The estimated mean concentration in cord blood was
332 (95% Cl, 292-373) ng/mL, in infants at 2.5 months
433 (95% CI, 388-478) ng/mL, in infants at 6 months
292 (95% CI, 249-335) ng/mL, in infants at 9 months 258
(95% CI, 216-300) ng/mL, in mothers at delivery 73 (95 %
CI, 56-91) ng/mL, and in mothers at 9 months 78 (95%
CI, 61-96) ng/mL.

Linear mixed models were performed to adjust for the
intra-individual dependence in the analysis of a potential
change in estimated mean concentration of OPN at the
different time points. Estimated mean OPN concentra-
tion in the infants significantly increased between birth
and 2.5 months (P < 0.001); 101 ng/mL (confidence inter-
val 41; 161) and significantly decreased between birth
and 9 months (P < 0.001); -74 ng/mL (-132; -17) (Fig. 1A).
Adjusting for the mothers’ values in the linear mixed
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Fig. 2 Distribution of OPN plasma concentrations in infants and their
mothers at birth and after 9 months. Box plots represent interquartile
range, whiskers the range and horizontal lines represent the median;

**¥* significant at P < 0.0001 tested by Wilcoxon matched-pairs

I
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signed-rank test

models had no statistical effect on the infants’ estimated
mean OPN concentration. There was no significant
change in estimated mean concentrations of OPN in the
mothers from delivery to 9 months after delivery as ana-
lyzed by linear mixed models (Fig. 1B).

To specifically investigate the differences between
infants and mothers, Fig. 2 shows that the OPN concen-
trations were significantly higher in infants compared to
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Fig. 3 Distribution of individual and median OPN plasma
concentrations (ng/mL) in 35 healthy adult Ugandan men, 80
Ugandan women and 20 men from Sweden. The scatterplot shows
the individual values, box plots represent the interquartile range
(IQR), the horizontal lines the median, and whiskers the minimum and
maximum. There was no significant difference between the groups as
tested by Kruskal-Wallis test

the mothers at birth, as well as after nine months (Wil-
coxon matched-pairs signed-rank test was used for this
comparison).

Osteopontin plasma concentration in control groups

We analyzed OPN concentrations in 35 and 20 healthy
men in Uganda and Sweden, respectively. There were var-
ying concentrations of OPN in both groups, particularly
in the Ugandan group with OPN concentrations varying
between 9 and 285 ng/mL. Median OPN concentrations
in the Ugandan group was 72 (IQR = 107-34) ng/mL and
in the Swedish group it was 72 (IQR = 108-57) ng/mL,
and there was no significant difference in OPN concen-
tration between the two groups (Fig. 3). Sex analysis of
differences of OPN concentrations was performed in the
Ugandan cohort (Fig. 3) and there was no significant dif-
ference between women and men.

Osteopontin concentration and P. falciparum parasitemia

Nine individuals tested positive for P falciparum with
rapid diagnostic test (RDT) and microscopy during our
study period. We did not observe any difference in OPN
concentration subject to the degree of parasitemia (Addi-
tional file 1), and we concluded that the sample size was
not sufficient to show any potential statistical differences.
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Correlation between P. falciparum schizont-specific
antibodies and OPN concentrations

As previously reported, antibody levels to schizont
extract in all individuals were analyzed [21]. The moth-
ers had no differences in levels of schizont specific IgG
or IgM antibodies between the two time points. As
expected, the infants at birth showed higher levels of
IgG directed against P falciparum (presumably trans-
ferred through the placenta), while the levels decreased
at 2.5 months to be followed by a gradual increase of
parasite specific IgG and IgM during the last part of the
study period, as they became exposed to malaria [21]. In
the present study, we correlated the antibody levels with
OPN concentrations using Spearman’s correlation to
examine possible associations. The data was compared
individually for each time point. The correlation analysis
for OPN and antibodies to schizont extract generated no
significant associations between OPN concentrations and
IgG or IgM in infants (not shown). In mothers at deliv-
ery and after nine months there was a significant correla-
tion between OPN and schizont specific IgG (r = 0.29 P
= 0.016, and r = 0.35 P = 0.003), but not between OPN
and IgM.

Correlation between total and P. falciparum-positive (Pf+)
B cell subsets and plasma OPN concentrations

To further study the role of OPN in B cell activities we
employed a correlation analysis using Pearson’s correla-
tion test and adjustment for multiple comparisons with
the Benjamini-Hochberg method for each time point,
and separately for mothers and infants. The analysis
assessed correlations between OPN and mean propor-
tions of Pf+ B cell subsets and total B cells that have been
previously described [21]. For infants at birth there were
significant negative correlations in OPN concentration
and atypical MBC (r = -0.35, P = 0.01) and Pf4 atypi-
cal MBC (r = -0.32, P = 0.021) (Fig. 4A). In infants at 6
months, there were significant negative correlations in
OPN concentration and atypical MBC (r = -0.33, P =
0.021) and IgG MBC (r = -0.30, P = 0.038). Inversely,
OPN concentration were positively correlated with
naive B cells (r = 0.31, P = 0.033). OPN concentration in
infants at 9 months were negatively correlated with IgG
MBC (r = -0.51, P <0.001) and atypical MBC (r = -0.60,
P <0.001), including Pf+ proportions for both these com-
partments (r= -0.54, P <0.001 and r = -0.55, P <0.001.
At the same time point, positive correlations in OPN
concentration were found for naive B cells (r = 0.66, P
<0.001), Pf+ naive B cells (r = 0.50, P <0.001) and total
frequency of B cells (r = 0.39, P = 0.004) (Fig. 4A). In
mothers at delivery, OPN concentration were negatively
correlated with atypical MBC (r = -0.35, P = 0.011) and



Mortazavi et al. BMC Microbiol (2021) 21:307

Pf+ atypical MBC (r = -0.38, P = 0.006). On the other
hand, OPN concentration were positively correlated with
naive B cells (r = 0.29, P = 0.041) and Pf+ non-IgG+
MBC (r = 0.34, P = 0.013) (Fig. 4B). X-Y scatter plots of
variables with significant correlations are shown in Addi-
tional file 2.

Correlation between plasma concentrations of BAFF

and OPN

Since both BAFF and OPN have roles in B cell differen-
tiation, we compared OPN concentrations with BAFF
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concentrations, recently reported for these individuals
[42]. OPN concentration in infants were positively cor-
related with BAFF concentrations at birth (r= 0.36, P =
0.003), 6 months (r= 0.29, P = 0.035) and 9 months (r=
0.53, P <0.001) (Fig. 4A). Likewise, in mothers at delivery,
OPN concentration were positively correlated with BAFF
concentration (r= 0.69, P <0.001) (Fig. 4B). X-Y scatter
plots of variables with significant correlations are shown
in Additional file 2.
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Fig. 4 Correlation heatmap of OPN concentration and subsets of B cells and BAFF in infants and mothers. Pearson correlation with adjustment
for multiple comparisons using the Benjamini-Hochberg method performed for each time point, presenting R values with P <0.05. Green color
represents positive correlations and red color represents negative correlations. A OPN correlation heatmap for infants at birth, 2.5 months, 6
months, and 9 months. B OPN correlation heatmap for mothers at delivery and after 9 months
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Fig. 5 P falciparum invasion inhibition assay performed over two

life cycles. Mean parasitemia obtained from two repeated assays
(each performed in duplicate) with different concentrations of OPN
(ranging from 200 ng/mL to 12 800 ng/mL) added to FCR351.2
parasites. There was no statistically significant difference between
the mean parasitemias when OPN was added in the different
concentrations. PBS and heparin (100 pg/mL) were added as controls

Effect of Osteopontin on P. falciparum invasion in vitro

We added recombinant OPN to FCR3S1.2 P, falciparum
cultures. At first, we added OPN at different concentra-
tions in assays for one life cycle (not shown), but since
we did not see any effect, we increased the time for the
experiments to 90 h as described in [43]. We could not
see any significant differences in parasitemia levels even
at concentrations above what is known to be physiologi-
cal (Fig. 5). PBS was included as a control for growth, and
heparin was used as a negative control since it is a known
inhibitor of P, falciparum parasites.

Discussion

This is the first report of osteopontin longitudinal meas-
urements in a cohort of healthy mother-infant pairs from
birth up to nine months. This is also the first descrip-
tion of OPN values in mothers and infants in a malaria-
endemic setting. In general, the concentrations of OPN
in the infants were higher than in the mothers. We were
also able to demonstrate that estimated mean OPN con-
centrations in infants increased from birth to 2.5 months,
perhaps due to exposure to pathogens after birth, but by
9 months it had decreased again. By using linear mixed
model analyses we can report that OPN concentrations
in infants from delivery to 9 months afterwards were
independent of the OPN concentration in corresponding
mothers. In addition, our data show stable OPN concen-
trations in mothers at delivery and after 9 months. These
results suggest that OPN has a natural role in fetal devel-
opment, as well as during the first months after birth,
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possibly reflecting a maturing immune system. Interest-
ingly, the lowest and the highest values of OPN in infants
and the mothers did not correspond within the same
mother-infant pair. The OPN concentrations and vari-
ations in OPN concentration in infants did not change
when linear mixed models were used to adjust for OPN
concentrations in corresponding mothers, supporting
the conclusion that the source of OPN in cord blood is
either the fetus itself or that it is produced in the placenta
[44], and that OPN is not transferred from the mother.
Since there was no difference in OPN concentrations in
the mothers between delivery and 9 months, this indi-
cates that normal pregnancies do not induce any major
changes in production of OPN, even in an area where
malaria and several other infectious diseases are rela-
tively common [45, 46].

In our study, mean OPN plasma concentrations in cord
blood and in mothers at delivery were 332 ng/mL and 73
ng/mL respectively, concentrations comparable to stud-
ies performed in non-endemic countries [44, 47-49].
Similar to our results, previous reports have presented
increased mean OPN concentrations in infants com-
pared to adults [44, 48, 50] and no significant difference
between pregnant and non-pregnant women [47, 48]. A
prospective study aiming to establish OPN reference val-
ues in different age groups in Germany, demonstrated
that OPN values in plasma were age dependent [50].
However, the mean OPN plasma concentration in cord
blood and in adults were markedly higher (2300 £ 552
ng/mL and 330 ng/mL) compared to our results. Such a
discrepancy in results between studies could be due to
the use of OPN ELISA Kkits from different manufacturers,
or because of different ethnicities in the study popula-
tions. Studies using ELISA Kkits from the same manufac-
turer as in this study present OPN plasma concentrations
in healthy adults similar to ours [49, 51, 52]. Additionally,
we included a small set of Swedish samples, and these
results indicate that there is no difference in OPN con-
centration depending on ethnicity/country of residence
or sex, but the cohort was small and not aged-matched,
hence the results must be interpreted with caution. OPN
concentrations have previously been reported to differ
depending on sex and ethnicity [53], but the contrary
has also been shown [54, 55]. Comparing the results of
our mother-infant cohort with OPN concentrations from
various regions in the world, ethnicity is not a likely rea-
son for extreme differences in concentration [44, 47-49,
51].

The comparison of OPN between studies can be chal-
lenging also from the point of view that OPN concen-
trations can differ depending on if the blood sample
analyzed was serum or plasma, and, for plasma, if the
anticoagulant was EDTA, heparin or citrate [56]. When
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examining the results, it is important to consider that
secreted OPN undergoes post-translational modifica-
tions and cleavage by thrombin and metalloproteinases,
and it can circulate both as cleaved and full-length OPN
[57]. In this present study we used plasma from EDTA
supplemented blood, and we measured full-length OPN
in the ELISA assay.

Interestingly, in our cohort there was a statistically sig-
nificant increase in estimated mean OPN concentrations
in infants from birth to 2.5 months of age. The difference
indicates that infants have lower concentrations of OPN
at birth. In theory, the OPN concentration peak after 2.5
months could perhaps be part of an immune response
as the infants are subject to new pathogens. An alter-
nate explanation is that OPN might be higher because of
increased post-natal bone formation [58].

As previously described in detail, only a few individu-
als in the mother-infant cohort had a positive RDT [21].
We estimated the number (9 included in our study) to
be insufficient for determining a statistical difference
regarding the relation of OPN and malaria, but by look-
ing at the data we can see that there is no obvious cor-
relation between the very varying parasitemias and OPN
concentrations (Additional file 1). An earlier study of P
falciparum positive individuals suggested OPN to have a
role in the immune response against malaria in suppres-
sion of parasitemia [40]. The patients that were positive
for OPN mRNA had lower parasitemias compared to
patients negative for OPN mRNA, and the authors found
elevated expressions of IL-12 and suggested that OPN
might have a role in Thl-mediated immune responses.
Since there is a lack of knowledge in this area, we wanted
to study if the protein OPN could have a direct effect on
the parasite in an environment lacking immune cells and
other immunomodulatory factors. To study the possi-
ble inhibitory effect of OPN on P. falciparum parasites,
we performed invasion inhibition assays with cultured P.
Salciparum parasites. When we did not see any changes
after 48 h of parasite culture, we repeated the experi-
ment, but extended the cultures to 90 h. As previously
discussed, there is no real consensus on the physiologi-
cal concentrations of OPN in plasma, and studies have
shown a wide variety of both low and high plasma con-
centrations with increased concentrations in a number of
diseases [51, 52, 59, 60]. For this reason, we chose to add
OPN concentrations varying between 200 ng/mL and 12
800 ng/mL in our invasion assay, to be sure to add at least
what could be physiological. None of the assays demon-
strated suppression of parasite levels regardless of OPN
concentration, even when the 90 h assay was repeated,
proposing that OPN alone in vitro does not affect the
life cycle of P falciparum parasites. Nevertheless, it is
possible that OPN could have a secondary effect on the
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parasites in vivo by interacting with host immune cells,
cytokines or molecules.

Since none of our study individuals positive for P. falci-
parum by RDT and microscopy presented with malaria
symptoms, these are most likely asymptomatic carriers.
This taken into account, one could theorize that OPN
does not increase or decrease in the presence of parasites
alone, but that it needs to be accompanied by symptoms
such as in a febrile malaria infection. Supporting this the-
ory, a study of OPN in acute human Schistosoma man-
soni infection demonstrated an increase in serum OPN
concentrations, compared to OPN concentrations in the
chronic hepatosplenic form of the disease [52]. Also,
besides malaria and schistosomiasis, other infectious dis-
eases characterized by involvement of chronic immune
activation are HIV and tuberculosis. Elevated concen-
trations of OPN have been reported in lymph nodes and
plasma in HIV-positive individuals [60—62], as well as in
plasma of acute tuberculosis patients, correlating to the
severity of pulmonary lesions [63—65]. Interestingly, the
concentration of OPN was higher in patients with active
pulmonary TB compared to latent tuberculosis [65, 66].
Considering the similarities between malaria, HIV and
TB regarding chronic immune activation, one could
hypothesize that OPN plays a specific role in the immu-
nopathogenesis of these diseases.

One of the inclusion criteria to the study was normal
pregnancies and deliveries, and none of the study indi-
viduals showed overt signs of illness during the follow-up
period. Nonetheless we do not know if there were some
individuals with unknown diseases such as auto-immune
disorders, cancer or heart- or liver disease that are known
to influence OPN concentrations in plasma [67-70].
Additionally, it is possible to imagine they could be
infected with other parasitic diseases such as helminths
that may affect the OPN concentrations. This could
explain why some of the study individuals had markedly
higher OPN values.

One major finding in this study is that mean OPN
concentrations in mothers at delivery and mean OPN
concentrations in infants, at several time points, were
inversely correlated with atypical MBCs and Pf4- atypi-
cal MBCs. Furthermore, we could demonstrate a positive
correlation between mean OPN and BAFF concentra-
tions in both mothers and infants, an association that
appeared stronger as the infants grew up (Fig. 4A). The
parasite specific antibody characteristics of the mother-
infant cohort was presented in the report by Lugaajju et
al, demonstrating the presence of parasite specific IgG
in cord blood, transferred through the placenta, fol-
lowed by a decrease and then an increase over time as
the infants were exposed to malaria [21]. During the fol-
low-up, infant parasite specific IgM levels subsequently
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increased, possibly mirroring the infant’s own malaria
immune response. Additionally, the proportion of
CD19+Pf+ B cells showed stable levels in mothers at
delivery compared to 9 months later, indicating previ-
ous and constant exposure to malaria. For the infants,
the CD19+Pf+ B cells proportions were continuously
lower than in their mothers; suggesting full immunity
is not achieved at 9 months of age. Taken together, this
affirms that people living in the area are subject to P, fal-
ciparum exposure and the results reflect the infants’ pri-
mary immune responses during the first nine months
of life. Atypical MBCs, classified for these individuals as
CD19+CD20+CD27—IgG+, represented a consider-
able proportion of the B cell population [21]. Acquisition
of atypical MBCs correlates with exposure to malaria
as well as with increasing age [71-73], and in our study
cohort these cells increased with age in the infants. It is
suggested that chronic persisting infection with P fal-
ciparum may drive the expansion of atypical MBCs in
peripheral blood, but to this date it is not clear whether
they have a protective or pathogenic role in the immune
response against malaria [71, 72]. Here, in the infants,
significant negative correlations were found between
OPN concentrations and atypical MBCs and between
OPN concentrations and Pf+ atypical MBCs at three and
two time points, respectively. There was also a signifi-
cant negative correlation between OPN concentrations
and total IgG MBC at 6 and 9 months, as well as for Pf+
IgG MBCs at 9 months. Furthermore, positive correla-
tions were seen between OPN and naive and Pf+ naive
B cells at 6 and 9 months. The correlations between these
parameters increased as the infants aged. These data
could reflect a maturing immune response in a malaria-
endemic setting where OPN increases in the presence
of or by the naive B cells, and consecutively decreases
as the B cell proportion matures into malaria specific
memory cells and activated B cells such as atypical MBCs
and IgG MBC. Since it is still unknown whether atypi-
cal MBCs have a protective role in malaria and previous
studies have shown a susceptibility to infectious diseases
when OPN is deficient [30, 41], the correlation between
the two is quite intriguing. These data suggest that OPN
could have a role in the B cell immune response to P, fal-
ciparum infection as well as in the formation of atypical
MBCs. For mothers, OPN results correlated with atypical
MBCs and Pf+ atypical MBCs at delivery, but not after 9
months. Most mothers in the cohort received IPT dur-
ing their pregnancies, leading to absence of parasitemia,
which might at least in theory affect the proportion
between OPN concentration and the level of atypical
MBCs. There was a significant correlation between schiz-
ont specific IgG and OPN in mothers at delivery and after
9 months which could indicate that OPN is an important
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factor in upholding the immune response in individu-
als with continuous exposure to P. falciparum. Further-
more, in both mothers and infants, we found a positive
correlation between OPN and BAFF during delivery and
throughout the entire study period, which indicates that
there could be a link between the two. BAFF has a cru-
cial role in B cell differentiation and antibody produc-
tion, and similar to OPN, is known to be overexpressed
in autoimmune diseases [74, 75]. High concentrations of
BAFF in plasma have been seen in patients with an acute
malaria infection [76, 77] as well as in patients with viral
and bacterial infections [78]. The results from our study
support the idea that BAFF might influence OPN expres-
sion presented by Ma et al [39]. Their mouse model
study demonstrated how BAFF regulated T cell survival
by inducing OPN expression in B cells via a natural fac-
tor (NF)-kB dependent signaling pathway. Interestingly,
associations between OPN and BAFF have been reported
in patients with autoimmune thyroid disease, but not in
the healthy control group, indicating a BAFF-OPN signal
promoting disease progression [79]. On the contrary, as
mentioned before, all women and infants in our cohort
were healthy and had quite strong correlations between
OPN and BAFF. However, considering how several stud-
ies have shown higher number of cells similar to atypical
MBCs in autoimmune disorders [80], one can hypothe-
size that a BAFF-OPN interplay is of importance in the
development of atypical MBCs in general and not only in
a malaria context. Based on the results from this study,
we believe it would be of further interest to study the cor-
relations between OPN, BAFF and Pf+ atypical MBCs to
gain a more detailed understanding of the mechanisms of
the formation and function of atypical MBCs in a malaria
endemic area.

Conclusions

In conclusion, the concentration of OPN is significantly
higher in cord blood and infants living in a malaria-
endemic area compared to OPN concentration in cor-
responding mothers. Infant OPN concentrations were
independent of OPN concentration in corresponding
mothers, even in cord blood, indicating that OPN is
produced either by the fetus itself or in the placenta. In
addition, OPN was associated with the presence of atypi-
cal memory B cells specific for P. falciparum malaria as
well as BAFF, indicating a role in the naturally acquired
immune response against malaria. In vitro P. falciparum
inhibition assays did not support a direct inhibitory effect
of OPN on parasite growth. Further studies of P. falcipa-
rum positive individuals with symptomatic malaria are
warranted to advance understanding of the function of
OPN in malaria.
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Methods

Study design

The study was conducted from March 2012 to July 2013
at Kasangati Health Centre in Uganda. Kasangati is situ-
ated within a moderate malaria transmission area, with a
peak transmission after the two main rainy seasons (Feb-
ruary-March and September-October) every year. The
cohort has previously been described in detail elsewhere
[21]. In brief, healthy mother-infant pairs were randomly
enrolled at birth and subsequently followed by the study
clinic for three visits. Mothers were sampled at birth and
after nine months. Infants were sampled at birth and at
time points coinciding with the regular childhood vacci-
nation schedule; 2.5 months, 6 months, and 9 months of
age. None of the study individuals had any signs of severe
infection at any point of sampling. During pregnancy,
every pregnant woman took at least one or two doses of
Fansidar (pyrimethamine plus sulfadoxine) intermittent
preventive treatment and received a long-lasting insec-
ticide mosquito bed net. At baby delivery, venous blood
(5 mL) was collected into EDTA tubes from the mothers
and the respective umbilical cord of the new-born infant.
At follow-up days, blood (2 to 4 mL) from infants and 5
mL from their respective mothers were collected. The
tubes were transported to the lab by motorbike. Upon
arrival, peripheral blood mononuclear cells (PBMCs),
cord blood mononuclear cells (CBMCs) and plasma were
separated by density gradient centrifugation using Ficoll-
hypaque (GE HealthCare Bio-Sciences AB, Sweden) and
then stored in liquid nitrogen. Blood samples were trans-
ported to Sweden and thawed for analysis. All samples
were handled in a similar manner. Out of the 131 original
mother-infant pairs, 80 had enough volumes to perform
measurements of OPN. Voluntary informed consent
was obtained from all mothers participating in the study.
The study was approved by the Makerere University,
School of Medicine, Research and Ethics Committee,
the Uganda National Council of Science and Technology
(approval 2011-114) and Regionala Etikprévningsndmn-
den in Stockholm, Sweden (2014/478-32).

Malaria diagnostics

All samples were tested by pLDH/HRP2 rapid diagnos-
tic test strips (Combo Rapid Diagnostic Test of Premier
Medical Corporation Limited, India) as described by
Bharti et al. [81]. Thin and thick blood smears for all
RDT positive samples were examined for malaria para-
sites, and the parasitemia was calculated according to the
WHO guidelines [82].

Osteopontin ELISA
The plasma concentration of OPN was measured by the
Quantikine Human Osteopontin Immunoassay (R&D
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Systems, Abingdon, UK) according to the manufac-
turer’s instruction. In summary, 100 pL of assay diluent
was added to each well followed by 50 pL of standard
or plasma sample. Plasma samples were diluted 1:25 for
the majority of samples (1:100 in case of plasma short-
age). The plates were incubated for two hours, washed
x4, resuspended with 200 pL of conjugate/well and incu-
bated for 2 h, then washed x4 and 200 pL substrate solu-
tion was added and incubated for 30 min. After addition
of 50 pL of stop solution/well the plate was read within
30 min. Assays were performed in duplicate on diluted
samples and standards. To prevent batch/plate effects,
longitudinal samples from the same mother-baby pairs
and individuals were analyzed on the same plates. Plasma
OPN concentrations were quantified using the in-kit
standard curve ranging from 0.313 ng/mL to 20 ng/mL.
Optical density was determined at 450 nm using a SPEC-
TRA max340PC384 microplate reader. OPN concentra-
tions were calculated using SoftMax Pro Software.

P. falciparum schizont extract ELISA

Total P, falciparum+ IgG and IgM in blood plasma were
measured as previously described [21]. Briefly, microtiter
plates were coated with schizont extract, blocked with
5% skimmed milk (Sigma) for the IgG-assay and super
block dry blend (Thermo Scientific) for the IgM-assay.
Plates were incubated with peroxidase-conjugated goat
anti-human IgG/IgM (Sigma) and bound antibody quan-
tified using TMB (3,3,5,5'-Tetramethylbenzidine) sub-
strate (Promega). Optical density (OD) was read at 450
nm.

Immunophenotyping of P. falciparum specific B cells

Immunophenotyping of P. falciparum was done accord-
ing to the protocol described elsewhere [21]. Briefly,
cryopreserved PBMCs were used together with Fc block
and the following fluorochrome-conjugated monoclo-
nal antibodies: CD19 PE-CF594-clone HIB19, CD20
V450-clone L27, CD27 PE-Cy7-clone M-T271 (all from
BD), FcRL4 APC-clone 413D12 (Biolegend) and FITC-
conjugated mouse anti-human IgG monoclonal anti-
body (BD Horizon). B cells specific for P falciparum
were identified utilizing carboxyl Quantum dots (Inv-
itrogen) conjugated to extract of schizont- and tropho-
zoite-stage parasites as described in detail by Lugaajju
et al. [83]. The analysis was performed on a LSRII flow
cytometer (Becton—Dickinson Immuno Cytometry Sys-
tems, San Jose, USA). To detect the proportion of B cells
(defined as CD19+ cells) that were specific for P. falci-
parum, the cells were categorized as follows: IgG MBCs
(CD19+CD20+CD27+FcRL4+IgG+), non-IgG+ MBCs

(CD194+CD20+CD27+FcRL4+IgG—), naive B cells
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(CD19+CD20+CD27—FcRL4+IgG—), plasma cells/
blasts (CD194+CD20—CD27+FcRL4+IgG—), and atypi-
cal MBCs (CD19+CD20+CD27—FcRL4+IgG+). Data
was processed using FLOWJO software (Tree Star Inc.,
San Carlos, and Ca, USA).

P. falciparum culture and invasion assay with OPN

Details of the invasion inhibition method have been
described elsewhere [43, 84]. Briefly, in vitro culture of
P, falciparum FCR3S1.2 was maintained using Ot RBC
at 4% hematocrit in RPMI 1640-HEPES supplemented
with 1% Albumax II, 25 pg/mL gentamicin, 5 mM L-glu-
tamine and 25 mM NaHCO;. The parasites were syn-
chronized using 5% D-sorbitol (Sigma) and all cultures
were maintained in candle-light boxes at 37" C. Human
recombinant osteopontin (298 aa, Sigma-Aldrich) rang-
ing from 0.2 pg/mL to 12,8 pg/mL was added to late
trophozoite-stage parasite cultures of 1% parasitemia
and 1% hematocrit and each OPN concentration was
tested in duplicate (100 pL culture volume) in 96-well
U-bottom plates. Inhibitory (100 pg heparin/mL) and
growth (PBS) controls were run concurrently. Fresh cul-
ture medium (10 uL) was gently added to each well at
about 48 h. The assay was stopped around 90 h by stain-
ing cells with acridine orange (10 pg/mL) and then fixed
using 20 %/2 % formaldehyde/glutaraldehyde. Parasitemia
was then determined using a flow cytometer (Accuri C6,
BD) after cells had been washed and resuspended in PBS.
The data was further analyzed using FLOW]JO software
(BD). This assay was repeated and the mean parasitemia
obtained from four wells was used in the final analysis for
each OPN concentration.

Statistical analysis

Statistical analysis was performed using SPSS software,
IBM SPSS Statistics for Macintosh Version 26 (IBM
Corporation, Armonk, NY), R Statistical Software ver-
sion 4.0.0 (Foundation for Statistical Computing, Vienna,
Austria) and GraphPad Prism version 8.4.3 for macOS
(GraphPad Software, San Diego, California USA). Differ-
ences of p < 0.05 were considered significant. Continu-
ous variables were expressed as estimated means with
corresponding confidence intervals or medians with
interquartile ranges. Differences in OPN concentrations
between groups were assessed by nonparametric Wil-
coxon matched-pairs signed rank and by Kruskal-Wallis
test for paired and unpaired samples, respectively. To
take into account the repeated measurement nature of
the data, linear mixed models were employed to model
how OPN changed over time, with time points added as
a fixed effect and individuals added as a random effect.
Three models were used; two for infants and mothers

Page 10 of 13

separately, and one where the OPN concentrations in
infants were adjusted for the OPN concentration in cor-
responding mothers at time of birth. For each time point,
correlations between OPN concentrations in mothers or
infants and corresponding mean proportions of various
memory cells were estimated using Pearson correlations
and correction for multiple comparisons using the Ben-
jamini-Hochberg method. Multiple comparisons of mean
parasitemias obtained from testing a range of OPN con-
centrations in invasion inhibition assays were carried out
using ANOVA. All methods were performed in accord-
ance with relevant guidelines and regulations.
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