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ABSTRACT

Individuals with acute malaria infection generated high levels of antibodies that cross-react with the SARS-CoV-2 Spike protein.
Cross-reactive antibodies specifically recognized the sialic acid moiety on N-linked glycans of the Spike protein and do not
neutralize in vitro SARS-CoV-2. Sero-surveillance is critical for monitoring and projecting disease burden and risk during the
pandemic; however, routine use of Spike protein-based assays may overestimate SARS-CoV-2 exposure and population-level
immunity in malaria-endemic countries.

Main
Serological surveillance studies provide a fundamental understanding of past exposure to infectious diseases such as SARS-
CoV-2. Recent serological surveillance studies reported out of Africa have often reported higher overall seroprevalence than is
predicted based on case counts, prompting various hypotheses as to why seropositivity is higher than expected1–3.

We identified a high degree of cross-reactivity to SARS-CoV-2 Spike protein (S1 subunit) in individuals with acute
(symptomatic and asymptomatic) malaria infection (Figure1A-1B) by ELISA. A total of 741 samples from 617 individuals
from 8 countries collected before the first reported case of COVID-19 were tested for Spike protein seropositivity. The observed
cross-reactivity was significantly higher in individuals with acute Plasmodium infection compared to uninfected individuals in
malaria endemic areas (Figure1A-1B). Cross-reactivity was also significantly higher among uninfected individuals living in a
malaria endemic setting with previous exposure compared to individuals in a non-endemic settings with no previous malaria
exposure.

Though patterns of responses were generally similar for IgG and IgM, individuals with symptomatic malaria infection had
significantly higher IgM but not IgG than asymptomatic individuals (Welch Two Sample t-test IgG p-value=0.077 and IgM
p-value<0.0001). These patterns remain after accounting for age group in a log-transformed multivariate linear regression
model. Specifically, children with acute malaria infection had significantly higher normalized IgG and IgM than uninfected
children in malaria endemic areas (both p-values<0.0001), and adults with acute infection had significantly higher normalized
IgG and IgM than uninfected adults in endemic areas (IgG p-values=0.0047 and IgM p-value=0.0031). In S1-reactive antibody
responses measured longitudinally in 131 samples from 21 subjects, IgG and IgM responses peaked between 0-4 weeks post
infection for all patients, decreased with time, and were sometimes, though not consistently, boosted by subsequent reinfections
(boosting in 1 of 4 IgG samples and 2 of 4 IgM samples with P. falciparum (Figure1C).

Of malaria positive subjects, 163 had Plasmodium falciparum infection (107 IgG positive and 98 IgM positive), 8 had P.
malariae infection (6 IgG positive and 4 IgM positive), 6 had P. falciparum/P. malariae mixed infections (3 IgG positive and 0
IgM positive), and 1 with P. vivax (0 IgG or IgM positive). Normalized IgG was significantly higher among subjects with P.
falciparum, P. malariae, and mixed infections than among negative controls. Normalized IgM was only significantly higher
among subjects with P. falciparum and mixed infections than among negative controls. However, the comparison was limited
by few subjects with non-P. falciparum malaria. Normalized IgG and IgM was not significantly different between subjects with
P. falciparum and subjects with P. malariae (Welch Two-Sample t-test p-value=0.63 for IgG and p-value=0.56 for IgM). Thus,
our results suggest that both P. falciparum and P. malariae induce higher IgG and possibly IgM reactivity.

Since both P. falciparum and SARS-CoV-2 infection can induce poly reactive B cells,4, 5 we investigated this mechanism as
a possible cause of SARS-CoV-2 reactivity. Sera from patients with Epstein Barr Virus (EBV), a disease with characteristic
polyreactive B cells responses, were found to have significantly less reactivity than sera with acute malaria infections (t-test
p-value<0.0001 for both IgG and IgM for EBV time-points averaging 6 weeks after infection and 6 months after infection),
indicating that reactivity is not correlated with poly reactive B cells resulting from EBV infection (Figure1A).

In determining whether cross-reactivity was limited to S1 of SARS-CoV-2 or was observed with other SARS-CoV-2
proteins, we found limited correlated cross-reactivity between Spike S1 IgG and other SARS-CoV-2 proteins (baculovirus
expressed Spike ectodomain: Pearson’s R=0.062, p-value= 0.60, and nucleocapsid: Pearson’s R=0.17, p-value=0.15). We also
did not find significant correlated cross-reactivity with a commercial test including S2 subunit and nucleocapsid combined
(Omega Diagnostics) (Chi-squared with Yates correction p-value= 0.319).

To test whether the cross-reactivity in malaria endemic regions was related to exposure to other alpha and beta-human coron-
aviruses, we used bacterially expressed peptide arrays6–8 and Rapid Exoproteome Antigen Profiling (REAP) for Saccharomyces
cerevisae expressed exoproteome array of receptor binding domains (RBD) from all seven human coronaviruses, namely
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SARS-CoV-2, NL63, HKU-1, 229E, SARS-CoV, MERS, and OC43.9 Although previous studies suggested cross-reactivity
to SARS-CoV-2 is caused by prior exposure to NL63, 229E10 and OC43,11 we did not observe cross-reactivity between S1
positives by ELISA and peptides, SARS-CoV-2 RBD, or SARS-CoV-2 proteome using either approach except NL63, which
showed overall high reactivity (using a REAP Score cutoff of 1.5, 35 of 48 individuals from Senegal and Burkina Faso tested
positive [Figure2A]). No samples tested with REAP showed binding to SARS-CoV-2 Spike RBD. Linear peptide epitopes
tested against bacterial display libraries did not identify significant binding of malaria-induced antibodies against SARS-CoV-2
peptides. Taken together, these data imply that the cross reactivity could be structural (in the N-terminal domain of S1 not
including the RBD) or targeted to a post-translational modification such as carbohydrates.

To test the specificity of the cross-reactivity to either structural epitopes or glycosylation, we treated the S1 protein to
alter its structure and composition of glycans and carbohydrates. In ELISAs, IgG cross-reactivity was maximally reversed
upon treatment with neuraminidase, which removes the terminal sialic acids from glycosylated sites (decreased samples to
23.0% [95% CI: 1.1, 44.9]) S1 native OD, significantly more than SARS-CoV-2 convalescent serum (63% of S1 native OD)
(Figure2B). Although treatment with PNGase F (which removes all N-linked glycans) also significantly reduced reactivity
(decreased samples to 31.3% [95% CI: 14.3, 48.2] of OD of S1 native), the reduction was less than that of SARS-CoV-2
convalescent serum (decrease to 4.6% of OD of S1 native). Denaturing the S1 protein more modestly reduced reactivity
(decreased samples to 71.6% [95% CI: 59.1, 84.1] of OD of S1 native, SARS-CoV-2 convalescent serum decreased to 6.4%
of OD of S1 native). These results implicate cross-reacting antibody binding to terminal sialic acids of complex glycans. Of
22-N-linked glycosylation sites spanning the Spike protein, 52% are complex and fucosylated and 15% contain at least one
sialic acid.12 The majority of the N-linked glycans in the S1 domain of Spike protein (aa16-685) are complex, and are both
fucosylated and sialated.12 Three samples maintained high reactivity to S1 treated with neuraminidase (133.6%, 126.2%, and
131.2% of OD of S1 native), suggesting that cross-reactivity in these samples could be caused by another mechanism.

We next sought to determine whether these malaria-induced antibodies could neutralize SARS-CoV-2 invasion, possibly
providing protection. We performed in vitro neutralization assays testing highly reactive samples using pseudotyped viruses
(Vesicular stomatitis virus encoding a Renilla luciferase reporter gene pseudotyped with SARS-CoV-2 Spike) in dilutions from
1:10 to 1:1280 and SARS-CoV-2 viral isolates in Vero-E6 cell plaque assays in dilutions from 1:10 to 1:2430. Similar to a
previous study that found no protection from preexisting cross-reactivity,11 samples with cross-reactive antibodies did not
demonstrate significant neutralizing activity via invasion at any dilution in either experimental system (Figure2C).

Our study reveals that acute malaria infection can cause cross-reactivity to the S1 Spike protein through antibody binding
to terminal sialic acids of complex glycans. Reactivity is less pronounced among people previously exposed to malaria but
without acute infection. Cross-reactivity was not neutralizing, giving no evidence that malaria exposure protects against
SARS-CoV-2 infection through antibody-mediated viral neutralization. Cross-reactivity has also been found in recent studies in
malaria-endemic countries; two SARS-CoV-2 serological assays targeting the nucleocapsid protein had cross-reactivity among
pre-pandemic samples from Nigeria with higher levels of malaria antibodies13. A high rate of false positives was also seen in
pre-pandemic samples using commercially available ELISAs from Benin14 and from Ghana and Nigeria15.

These findings provide evidence of a target and mechanism for cross-reactivity and have implications for the global roll-out
of serological surveillance tools that measure IgG or IgM reactive to the Spike protein. Serological surveys remain critical tools
in understanding disease burden; however, cross-reactivity in malaria-endemic regions, and especially in patients with acute
malaria, could lead to false positive antibody tests for individuals and overestimate population-level exposure. False positive
results could cause an individual to underestimate their risk of future infection. At a population level, an overestimate of prior
SARS-CoV-2 exposure could lead to overestimates of immunity, meaning larger proportions of people may remain susceptible
to infection than serological surveillance might indicate, allowing for continued spread of SARS-CoV-2. Overestimates of
exposure would also lead to underestimates of risk of severe disease among people exposed to SARS-CoV-2. Cross-reactive
diagnostic tools may have limited utility for serological surveillance when predicting future re-emergence of COVID-19 in
areas where incidence of COVID-19 is low relative to malaria. High rates of false positives could preclude using serological
tests as correlates of immunity in malaria-endemic areas, hampering policy decision making with respect to risk stratification
and implementation of non-pharmaceutical interventions. These results further highlight the need to validate diagnostics in
populations with different disease exposures and optimize such diagnostics so that serological surveillance tools can accurately
track SARS-CoV-2 exposure.
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Figure 1. High frequency of cross-reactive antibodies to SARS-CoV-2 Spike protein from Plasmodium-infected
individuals. In A. and B., Violin plots showing normalized IgG and IgM responses among patients from different cohorts. A.
Among all subjects, those in non-malaria endemic areas had significantly lower IgG and IgM than others (t-test IgG
p-value<0.0001 and IgM p-value<0.0001.) Subjects with acute malaria infection (symptomatic and asymptomatic) had
significantly higher IgG and IgM than uninfected subjects living in malaria endemic areas (t-test p-value<0.0001 for both IgG
and IgM). B. Normalized IgG was significantly higher among subjects with P. falciparum, P. malariae, and mixed infections
than among negative controls (Welch Two Sample t-test p-value<0.0001 for P. falciparum, p-value= 0.044 for P. malariae and
p-value=0.008 for mixed infections), and normalized IgM was significantly higher among subjects with P. falciparum and
mixed infections but not P. malariae than among negative controls (Welch Two Sample t-test p-value<0.0001 for P. falciparum,
p-value= 0.106 for P. malariae, and p-value=0.018 for mixed infections). C. Normalized IgG and IgM over time in 21 subjects
with P. falciparum monoinfection on Day 0. Both IgG and IgM peaked between Day 0 and Week 4 for all subjects. Reinfection,
shown by red circles, boosted IgG response in 1 of 4 subjects and IgM response in 2 of 4 subjects. Bold trend line based on
local regression (LOESS). In A. B. and C., normalized IgG or IgM calculated by IgG or IgM OD divided by IgG or IgM of
positive control (camelid monoclonal chimeric nanobody VHH72 antibody was IgG control, and pooled convalescent serum
from SARS-CoV-2 patients was IgM control). Black dashed lines represent cutoffs for positivity, calculated from normalized
IgG and IgM values from 80 RT-qPCR negative HCWs (mean + 3 SDs).
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Figure 2. Cross-reactive IgG targets sialic acid on N-linked glycans and is not due to cross-reactivity with other
coronaviruses. A. Cross-reactivity to human coronaviruses is only observed for NL63 and differed between S1 positive and S1
negative subjects (S1 positives on the left side of the vertical white line and S1 negatives on the right side) in REAP testing
using a REAP score cutoff of 1.5. B. S1 protein was subjected to three conditions to modify the structure: denaturing; treating
with PNGase F to remove all N-linked glycans; and treating with Neuraminidase to remove sialic acid. ELISA was performed
on each protein condition and the figure shows percent of S1 Native OD under each condition for 3 controls (pooled
convalescent serum from SARS-CoV-2 patients, mouse monoclonal M122 antibody, and camelid monoclonal chimeric
nanobody VHH72 antibody, all outlined in red) and 20 subjects (outlined in black). Neuraminidase treatment decreased
samples to 23.0% (95% CI: 1.1, 44.9) of OD of S1 native, significantly more than SARS-CoV-2 convalescent serum (decreased
to 63% of OD of S1 native), suggesting cross-reactivity was due to reactions with terminal sialic from glycosylated sites. C. In
a neutralizing assay using pseudotyped viruses (VSV-Renilla luciferase pseudotyped with Spike), 20 samples (red circles) with
high S1 Spike IgG ELISA reactivity showed no neutralization. Bold trend line based on local regression (LOESS) of samples.
Control (serum from a COVID-19 positive inpatient, in blue) shows neutralization at dilutions of 1/40 and less.
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