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Sequestration of Plasmodium falciparum-infected erythrocytes expressing the VAR2CSA
antigen in the placenta results in poor pregnancy outcomes, including low birth weight and
maternal anemia. Antigen-specific antibody-mediated immunity is acquired during
successive pregnancies. Thus, evaluating VAR2CSA-specific IgG profiles among
pregnant women will increase knowledge on the immunological mechanisms
associated with protection, and help in the development of VAR2CSA-based placental
malaria vaccines. Using the PAMVAC candidate vaccine antigen, we assessed anti-
VAR2CSA IgG subclass responses of a cohort of pregnant Beninese, and analyzed their
relationships with pregnancy outcomes. Cytophilic IgG1 and IgG3 responses were the
most frequent, with prevalences ranging from 28% (IgG3) up to 50% (IgG1). Elevated
levels of VAR2CSA-specific total IgG and cytophilic IgG3 during pregnancy were
consistently associated with higher birth weights, whilst high levels of IgG4 were
associated with a reduced risk of placental infections. This suggests that protective
anti-VAR2CSA 1gG responses are coordinated between both cytophilic and non-
cytophilic antibodies.

Keywords: pregnancy, malaria, VAR2CSA, IgG subclasses, 19G3, IgG4

INTRODUCTION

Plasmodium falciparum malaria continues to be a significant human disease burden throughout the
tropics. In sub-Saharan Africa, placental malaria (PM) is known to cause low birth weight and
maternal anemia (1, 2). The adverse effects associated with PM are due to the sequestration of
infected erythrocytes (IEs) in the placental intervillous spaces. The often massive accumulation of
IEs is mediated by VAR2CSA, a parasite ligand that promotes adhesion of IEs to placental
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chondroitin sulfate A (CSA) (3-5). This pathophysiological
feature, which led to the recognition of placental malaria as a
specific syndrome, is particularly frequent in first pregnancies in
areas where P. falciparum malaria is highly endemic (6). Women
who have had PM develop anti-VAR2CSA IgG antibodies that
protect them from the adverse effects of PM during subsequent
pregnancies, making this protein an attractive target for vaccine
development (4, 7). Anti-VAR2CSA IgGs have been shown to
inhibit the binding of VAR2CSA-expressing infected
erythrocytes to CSA (8-10). Further studies identified the Id1-
DBL2X-1d2 region, in the N-terminal part of VAR2CSA, as being
the minimal binding domain mediating binding between
VAR2CSA and placental CSA (9), thus making it appropriate
for the development of a VAR2CSA-based vaccine with an
antigenic construct easier to produce in recombinant form. A
Phase 1 clinical trial has recently been completed with such an
antigenic construct (10).

Our team has already demonstrated in a longitudinal study
that high levels of IgG with specificity for the N-terminal part of
VAR2CSA present in women early in pregnancy were associated
with better pregnancy outcomes (11). Additionally, a recent
systematic review suggests that IgG levels against VAR2CSA
antibodies are likely markers of infection rather than correlates
of protection (12). However, information is lacking on which of
the IgG subclasses targeting the vaccine construct are responsible
for protective immunity and also on the dynamics of such
protective antibody levels during pregnancy. Here, we used
samples from a group of women whose pregnancy outcomes
were well characterized in the Strategies to Prevent Pregnancy
Associated Malaria (STOPPAM) study in Benin and from whom
consecutive blood samples and clinical data were available from
the time of inclusion until delivery. Using measurements of
naturally acquired antibody targeting the PAMVAC vaccine
Id1-Id2a recombinant antigen on consecutive plasma samples,
we analyzed the link between IgG subclasses with different
pathological outcomes of pregnancy.

METHODS
Study Site and Population

The current study made use of samples collected from a subgroup of
women drawn from the STOPPAM project initially designed to
characterize the pathology of placental malaria, to determine the
factors important for optimal use of intermittent preventive
treatment of malaria in pregnancy (IPTp) and for vaccine
development against pregnancy-associated malaria. A detailed
description of the STOPPAM study design has been reported
(13). For the current work, 470 women were included based on
their pregnancy outcome as previously reported (14). This sub-
group included women who had placental infection at delivery,
were anemic, whose infants had low birth weight, in whom
intrauterine growth retardation was identified based on fetal
growth curves derived from ultrasounds to define children born
small-for-gestational-age (SGA), or whose infants were born
prematurely. Another group of pregnant women from the same

area with no pathological outcome at delivery was also included.
Briefly, babies were classified as premature if their gestational age,
assessed by ultrasound before 24 weeks of gestation, was <37 weeks
at delivery. Fetal growth restriction was approximated by low birth
weight for gestational age. A baby was defined as SGA if the birth
weight was below the 10" percentile of fetal weight for the
gestational age (15). Maternal anemia at delivery was defined as a
hemoglobin level below 10 g/dl. Placental malaria was defined as a
positive placental blood smear (16). At inclusion and each antenatal
or emergency visit, a thick blood smear was processed for malaria
diagnosis. Venous blood was collected, and plasma samples were
separated and frozen at —80°C for further use. All women diagnosed
with P. falciparum infection by thick blood smear during the follow
up were treated with quinine according to national guidelines
applicable at the time of the study.

Ethical Statement

The STOPPAM study obtained ethical approval from two
independent institutional ethics committees: the Comite
Consultatif de Déontologie et d’Ethique of IRD in France and
the Comité d’Ethique de la Faculté des Science de la Santé,
Universite '’ Abomey Calavi, in Benin. All participants provided
written consent.

Total IgG and Subclasses Quantification
To measure antibody response against VAR2CSA, we used the
PAMVAC vaccine candidate, a recombinant protein
representing the ID1-ID2a construct of VAR2CSA from the
FCR3 variant of P. falciparum (10, 17). Antibody levels with
specificity for the ID1-ID2a recombinant protein were
determined by a previously described indirect ELISA protocol
(7, 10). In brief, antigen-coated (0.5 pg/mL) and bovine serum
albumin (BSA)-blocked 96-well ELISA plates (Maxisorp, NUNC,
Denmark) were incubated overnight at 4°C with 100 ul/well of
test plasma samples in duplicate at dilutions optimized for each
subclass (1:200 for total IgG; 1:100 for IgG1 and IgG2 and 1:50
for IgG3 and IgG4) in phosphate-buffered saline (PBS) with 2%
BSA. Pools of highly reactive plasma from exposed pregnant
Beninese previously characterized on recombinant full-length
ectodomain of VAR2CSA (FV2) (11), and non-immune plasma
from unexposed French volunteers, were used on each plate as
internal controls. Reactions were developed with goat anti-
human IgG conjugated to horseradish peroxidase (SIGMA,
France) followed by the substrate TMB (SIGMA, France). The
color reaction was stopped by the addition of 0.2M H,SO, and
optical densities (ODs) were read at 450 nm. In between all
incubation steps, plates were washed 3 times with PBS, pH 7.4,
containing 0.1% Tween 20, using an automated plate washer.
ELISA for the subclasses followed the same procedure except
using mouse anti-human IgG subclasses Fc secondary antibody
conjugated to HRP (MH1715, MH1722, MH1732, or MH1742,
all from Invitrogen, France). IgG4 antibody levels were also
measure against ICAM1 binding DBL- domain from IT4
VARI13 P/EMP1 (18) donated by Professor Jensen. All reagents
were used at predetermined concentrations and optical densities
(OD) generated from the antibody measurements were
converted to arbitrary units (AUs), as described (19). Briefly,
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AUs were calculated as follows:

In(0D test sample) — In(0D negative sample)

AU =100 * — -
In(0D positive sample) — In(0D negative sample)

Statistical Analysis

For each measured IgG subtype, the mean ODs from non-immune
plasma from each plate were calculated plus 2 standard deviations to
define a common cut-off value for each IgG isotype above which
samples were deemed antibody-positive. Seroprevalence was
calculated as the proportion of samples with OD above this cut-
off. The outcome variable was the level of IgG antibodies in
peripheral maternal blood. Five principal outcome variables were
created: the level of total IgG, the levels of IgG1, IgG2, IgG3, and
IgG4. As multiple antibody measurements (inclusion, antenatal
visits, and delivery) were available, appropriate hierarchical mixed
models were used for univariate and multivariate analyses,
performed with Stata® software, Version 12 (StatCorp LP, College
Station, TX, USA). The level of antibodies was tested in relation to
the following different covariates: maternal age, gravidity, malaria at
inclusion, number of peripheral malaria infections identified until
the date of plasma collection, parasite density, and at delivery
according to pregnancy outcome including anemia and placental
infection in mothers; low birth weight, prematurity, intrauterine
growth retardation in newborns.

All factors with a p-value <0.20 during univariate analyses
were included in the multivariate step. A backward stepwise
procedure was used to select factors of the final model. Statistical
significance was set at p<0.05.

RESULTS

The STOPPAM cohort subgroup used in this work comprises
Beninese pregnant women (mean age, 26 years) followed up
during the course of pregnancy. Among the 470 women included
in this study, 11 (2.3%) attended 3 antenatal visits (ANV) while
415 (88.3%) attended all the 5 scheduled visits (inclusion, ANV,
ANV?2, ANV3, and delivery). Amongst the study cohort 78
(16.6%) were primigravidae, 63 (13.4%) had evidence of
placental malaria at delivery, and 82 (17.4%) were anemic at
delivery. Forty-nine (10.1%) women gave birth to infants with
LBW (<2500g), 53 (11.3%) with SGA, 24 (5.1%) women gave
birth prematurely (before 37 gestational weeks), and 272 women
had no pathological outcomes. The characteristics of women
who had their IgG profiles determined are presented in Table 1.

Antibody Profiling and Factors Associated

The distribution of IgG subclass responses shows that cytophilic
IgGl and IgG3 were measured in a higher number of women
compared to IgG2 and IgG4 (Figure 1A). Analysis of the
seroprevalence of the different IgG subclasses shows that IgGl
and IgG3 were the most prevalent with rates ranging from 49.6%
to 53.8% for IgG1 and from 27.6% to 27.4% for IgG3 according to
the time of pregnancy. IgG2 and IgG4 were less prevalent with rates
ranging from 8.3% to 12.1% and from 3.4% to 8.9%, respectively

TABLE 1 | Characteristics of the population.

Mothers N=470
Maternal age (years) 26.48+ 6.18
Primigravidae 78 (16.6%)
Multigravidae 392 (83.4%)
Malaria infection during the follow-up (BS)

0 234 (49.8%)
1 132 (28.1%)
2 63 (13.4%)
>3 41 (8.7%)
Placental malaria

Yes 63 (13.4%)
No 405 (86.2%)
Unknown 2 (0.4%)
Maternal anemia at delivery

Yes 82 (17.4%)
No 358 (76.2%)
Unknown 30 (6.4%)
Malaria at inclusion (BS and PCR)

Negative 265 (56.4%)
Submicroscopic 121 (25.74%)
BS Positive 80 (17.0%)
Newborns

Birth weight (grams) 2982.22+ 434.23

Low birth weight

Yes 49 (10.1%)
No 418 (88.9%)
Unknown 3 (0.6%)
SGA

Yes 53 (11.3%)
No 417 (88.7%)
Prematurity

Yes 24 (5.1%)
No 446 (94.9%)

BS, Blood smear; SGA, small for gestational age.

(Figure 1B). The ranges were larger for subclass measurements
compared to total IgG leading to larger dispersion of values
(Figure 1). When taking into account repeated measurements
made on consecutive samples of the same woman in the analyses,
plasma levels of IgG (both total and subclasses) gradually decreased
over the course of pregnancy, except for IgG4 which was
consistently low throughout. (Table 2, Figure 1A).

When comparing levels by gravidity, it was clear that total
IgG levels remained consistently higher in multigravid women
compared to primigravidae, in both univariate and multivariate
analysis. However, this observation was not so clear for
individual IgG subclasses. When taking into account infections
that were documented during the follow-up in relation to the
time of antibody measurement, a high level of all subclasses were
consistently observed in infected women, even though this
reached significance only for IgGl and IgG3. A similar
observation was made for antibody subclass levels and parasite
density of the infections documented during follow-up, but
statistical significance in multivariate analysis was reached only
for total IgG (Table 2) (P = 0.028) and IgG2 (P = 0.03).

Relationship With Pregnancy Outcomes
To compare the level of IgG during pregnancy in women
with well-defined pregnancy outcomes, we performed a
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FIGURE 1 | IgG subclass profile to ID1-ID2a recombinant protein from
pregnant women followed during the course of pregnancy (inclusion,
antenatal visits (ANV) and delivery). (A) The distribution of IgG subclasses.
Shown are IgG subclasses antibody levels (median and IQR) in arbitrary units.
(B) IgG subclass seroprevalence. The profile of IgG subclasses clearly shows
a cytophilic IgG’s (IgG1 and IgG3) are the predominant IgGs while low
prevalence of non-cytophilic IgG’s (IgG2 and IgG4) were also observed.

hierarchical mixed model analysis and factors with p-value <
0.2 were further incorporated into the final multivariate model
(Table 3). For total IgG, low levels of antibodies were
consistently observed throughout the follow-up in women
who delivered babies with low birth weight in univariate
analysis (P = 0.014). This observation was further confirmed
in the multivariate model (P = 0.004). However, for the other
adverse pregnancy outcomes, no significant difference in the
antibody levels of total IgG with specificity for the ID1-ID2a
PAMVAC antigen was observed. We then tested in a similar
way the antibody levels of the IgG subclasses. For IgG1 and
IgG2, no significant differences were observed with the
different pathological markers at delivery. Levels of IgG3
antibodies were consistently low in women who delivered
low birth weight babies compared to those who delivered
babies with normal birth weight (multivariate analysis, P =
0.01). Throughout pregnancy, IgG4 antibody levels were low
in women presenting with placental infection at delivery
compared to women without parasites in their placenta
(multivariate analysis, P = 0.03). However, there was no
association between IgG4 and placenta infection in data
obtained in the same way using a comparable construct
from a ICAMI binding DBL-B domain from IT4 VARI3
PfEMP1 which is not implicated in PM (B=-0.004; p-value =
0.33). Apart from LBW and placental malaria, we did not
observe an association between the other pregnancy outcomes
and antibody levels measured.

DISCUSSION

In this study of a cohort of pregnant Beninese, we determined
the levels of total IgG and of IgG subclasses with specificity for

TABLE 2 | Relationship between antibody levels to ID1-ID2a construct of VAR2CSA and pregnancy outcomes (Total IgG and IgG1).

Covariates Total IgG 19G 1
Univariate Multivariate®* Univariate Multivariate®*

B 95% CI p  Adip 95% Cl p B 95% Cl p  Adip 95% Cl p
Primiparity No _ _ _
Yes -9.07 -14,94; -3,21 0.002 -9.9 -15,91; -3,90 0.001 -3.29 -12,68; 6,10 0.49
Malaria Infections®) 0 _ _ _ _
1 5.18 3,62; 6,75 4.46 2,83; 6,09 6.16 324,97  <10° 49 <10®
2 7.73 3,75; 11,70 <10°® 7.93 3,83; 12,02 <10 1292 4,50; 21,34 12.37
>3 13.56 3,13; 23,99 14.30 3,92; 24,68 7.66 -9,20; 24,52 5.44
Parasite density 0.0002 0,00008; 0,0002 <10 0.0001 0,000016; 0,00027 0.028 0.0004 0,0002; 0,0005 <1073 0,00002 -0,0003; 0,0003 0,89
Prematurity No _ _
Yes -6.93 -16,93; 3,08 017  -4,04 -14,45; 6,38 045 0.05 -13,75;13,84 099 -0,84 -18,01; 16,33 0,93
SGA No _ _ _
Yes -4.45 -11,48; 2,568 022 -4,04 -12,04; 3,96 0,32 1.47 -9,39; 12,35 0.79 -1,58 -13,65; 10,48 0,80
Placental malaria No _ _ _ _
Yes 3.69 -2,77; 10,14 0.26 1,73 -4,70; 8,16 0,59 11.43 -0,88; 23,73 0.07 7,88 -4,65; 20,41 0,22
LBW No _ _ _
Yes -9.04 -16,22; -1,85 0.014 -10.74 -18,04; -3,45 0.004 -0,59 -11,48;10,30 0.92 -6,24 -17,33; 4,86 0,27
Maternal anemia No _ _ _
Yes 1,74 -3,99; 7,48 0.55 044 -5,18; 6,06 0,88  3.31 -5,87; 12,49 0.48 1,65 -7,52; 10,82 0,73
® number of documented blood smear positive during follow-up.
) Multivariate analysis were adjusted for timepoint.
Frontiers in Immunology | www.frontiersin.org 4 April 2021 | Volume 12 | Article 610305


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

B10"uIsIenuUOI MMM | ABojounwiwl Ul SJenuoi

G0E0L9 8Py | 2L swWnoA | 120z Mdy

TABLE 3 | Relationship between antibody levels to ID1-ID2a construct of VAR2CSA and pregnancy outcomes (I9G2, IgG3 and IgG4).

Covariates

Primiparity
No
Yes
Malaria
Infections™
0
1
2
>3
Parasite density

Prematurity
No
Yes

SGA
No
Yes
Placental malaria
No
Yes
LBW
No
Yes

Maternal anemia
No
Yes

IgG 2 19G 3 19G 4
Univariate Multivariate®* Univariate Multivariate®** Univariate Multivariate®*
B 95% Cl p Adip 95%cCl p B 95% CI p Adijp 95%cCl p B 95% Cl p Adj 95%Cl p
B

-7.15 -15,62;1,283  0.09 -7,32 -1569;1,05 0,09 217 -4,89; 9,23 0.55 -0.08 -6,32; 6,16 0.98

2.21 0,09; 4,32 0.23 8.12 5,47;10,77 <100 7.94 521;10,66 <100 -1.81 -6,57; 2,96 0.7

0.93 -4,78; 6,64 10.08 2,46; 17,69 3 1012 2,47;17,76 3 -1.54 -15,43; 12,36

-0.35 -14,35; 13,64 2.97 -12,26; 18,22 2.93 -12,37; -18.66  -41,33; 14,20

18,22
0.0001 -0,0001; 0.09 0.0001 0.03 0.00004 -0,0001; 0,59 -0.0001 -0,0004; 0.33
0,0002 0,0002 0,0001
-2.9 -14,13; 8,33 0.61 -349 -1517;8,19 056 -0.46 -10,75; 9,82 092 929 -339;2198 0,15 -1.46 -10,54; 7,62 0.75 -0,26 -11,61; 0,96
11,09
0.25 -9,10; 9,60 096 -148 -11,73;8,77 0,78 1.87 -6,36; 10,09 066 6,62 -2,38;1561 0,15 -4.39 -11,54;2,76 0,23 -3,33 -10,56; 3,89 0,36
8.99 -1,89; 19,88 0.10 10,09 -1,20;21,39 0,08 -1.06 -10,17; 8,05 0.82 -2,18 -1147;7,11 065 -8.86 -16,97; -0,75 0.08 -8.86 -16,97;-0,75 0.03
-1.01 -10,40; 8,38 0.83 -0,91 -14,75; 0,89 -5.58 -13,69; 2,52 0,18 -10.79 -19,15;-2,45 0.01 -4,15 -11,32; 3,01 0,26 -2,49 -10,23;5,23 0,53
12,94
-2.27 -10,03; 5,50 056 -2,04 -10,27;6,18 0,63 1.04 -5,95; 8,03 0.77 -064 -764,636 086 -0.92 -7,09; 5,25 0.77 -091 -7,27;5/44 0,77

™ number of documented blood smear positive during follow-up.

) Multivariate analysis were adjusted for timepoint.
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the PAMVAC vaccine antigen. We focused on the PAMVAC
antigen currently undergoing vaccine development to decipher
the specific antibody response that women develop when
exposed to placental-type parasites. The levels of total IgG with
specificity for the PAMVAC antigen were consistently lower in
women giving birth to low birth weight babies, unlike other
women, regardless of the gestational age at which the plasma
sample was taken. These results confirmed our initial
observations that low levels of total IgG directed to
recombinant DBL1X-1d1-DBL2X of VAR2CSA in early
pregnancy were associated with an increased risk of low birth
weight (11). The current study emphasizes the fact that this
particular association with risk of low birth weight persists
throughout pregnancy. Moreover, it should be noted that, as
was expected, there were relationships between the antibody
levels measured here and the level of exposure to malarial
infections or the gravidity status of the women, further
supporting the relevance of the observations. Importantly, a
recent systematic review by Cutts and his colleagues (12) by
analyzing antibody data, most of which was obtained at delivery
suggests that IgG levels against VAR2CSA antigen are “likely
markers of infection rather than correlates of protection”. These
observations are in line with those of this work which analyzed
antibody levels during pregnancy on a longitudinal angle. This
allowed underline the antigenic properties which can differ
between different domains or epitopes of an antigen and thus
provides additional justification for assessing whether VAR2CSA
antibody subclass might better explain the discrepancies
between studies.

One noteworthy observation is the association between low
levels of cytophilic IgG3 antibody with low birth weight,
although IgGl was the predominant antibody subclass. This
finding is similar to that of a study in Senegal (19) and suggests
cytophilic IgG3 is the main effector in the prevention of LBW,
reflecting the observation with total IgG. From a mechanistic
point of view, IgG3 could be acting through either a direct
inhibition of infected erythrocyte adhesion to CSA in the
placenta, or an ability to mediate opsono-phagocytosis by
effector cells, or through sensitization and activation of natural
killer cells and the complement system (20-22). As LBW is
among the most frequent detrimental outcomes of PM, this is an
indication that any vaccine for PM should be demonstrably able
to elicit IgG3.

Interestingly, we also observed that higher levels of IgG4
were associated with a reduced risk of placental infection. The
IgG4 subclass, unlike 1gG3, does not activate complement or
act as an opsonin, suggesting that the role of such antibodies
in any protective mechanism could only be achieved through
the inhibition of infected erythrocyte adhesion to the placental
receptor. In helminth infections, antibody isotype patterns are
an indicator of the host’s immune regulatory status, pointing
to the relative level of IgG4 as a corollary of chronic parasite
carriage favored by regulatory cytokines. Pathology of chronic
helminth infections are characterized by elevated IL-10 and
TGEFp that mediate IgG4 production by B cells (23-25). In the
context of the STOPPAM study, sub-microscopic parasite

carriage revealed by PCR-based diagnosis carried out with
samples from this cohort (26) shows that the women who have
elevated IgG4 levels are consistently those with low-density
(sub-microscopic) parasite carriage at 4 different time points
during pregnancy, strongly suggestive of persisting chronic
infections. As we have always found, in all our studies, that IL-
10 is elevated in the presence of P. falciparum infection,
whether peripheral (27) or placental (14), we conclude that
the conditions therefore likely favored IgG4 production.
Further, data obtained using a ICAM-1 binding DBL-B
domain protein showed no association with placental
infection. This data suggest that our observation with
PAMVAC antigen was pregnancy specific and not donor
specific. It is also known that the IgG4 titers fall rapidly
following curative drug treatment as compared to other
subclasses (28). In the context of intermittent preventive
treatment administered to pregnant women it is possible
that this has contributed to disrupting the association with
active infections detected by microscopy in this study.
However, the plasma levels of IgGl and IgG2 subclasses
appeared here to represent markers of infection. The
observations from this study thus further underline the
complex mechanisms underlying antibody responses, the
properties of which can both mark the presence of an
infection and the success of its control. While this study
clearly highlights the importance of the IgG3 subclass in the
acquired protection against placental malaria, it also
demonstrates for the first time the role that IgG4 could play
in this protective mechanism.

One of the limitations of this study is based on the lack of
functional data to demonstrate the particular properties of the
various purified IgG subclasses. This study opens up on the
need for some perspective to confirm the observations. The
fact of having used other recombinant antigens reproducing
the minimal binding domains of other PfEMP1 (ICAM-1
MBD) and for which we did not observe the same
association suggests that the data of this work are of obvious
interest. The other limitation is the absence of similar data on
the full-length VAR2CSA or other epitopes of the VAR2CSA
in this study which would have allowed verify if this
association is specific to VAR2CSA in its entirety or just
a portion.

In conclusion, the association of IgG3 subclass antibody
levels with the risk of low birth weight and that of IgG4 to that
of placental infections at delivery, strongly suggest
mechanisms of protection mediated by antibody responses
against VAR2CSA that rely on different IgG subclasses. This
observation further suggests that PM vaccines should ideally
target the elicitation of both IgG3 and IgG4 to achieve
optimal protection.
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