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Background. Passively acquired respiratory syncytial virus (RSV) neutralizing antibody protects against RSV-associated lower
respiratory infections, but placental malaria (PM) and maternal hypergammaglobulinemia might interfere with transplacental im-
munoglobulin transport.

Methods. We measured RSV plaque-reduction neutralization (PRN) antibody in 300 full-term maternal/cord serum pairs in 2
cohorts in malaria-endemic Papua New Guinea: Alexishafen (2005-2008) and the Fetal Immunity Study (FIS) (2011-2013). We
defined impaired transport as a cord-to-maternal titer ratio <1.0 and a protective RSV PRN titer (PRNT) >1:200.

Results. PM and hypergammaglobulinemia occurred in 60% and 54% of Alexishafen mothers versus 8% and 9% of FIS mothers,
respectively. 34% of Alexishafen and 32% of FIS pairs demonstrated impaired transport. Multivariate modeling revealed significant
associations between increasing maternal IgG (log,) and impaired transport (adjusted OR, Alexishafen: 2.68 [1.17-6.14], FIS: 6.94
[1.94-24.8]) but no association with PM. 34% of Alexishafen and 31% of FIS cord PRNTSs were <1:200.

Conclusions. Impaired RSV antibody transport was observed in approximately one-third of maternal/cord pairs. Hypergamma-
globulinemia, but not PM, was associated with impaired transport, particularly among women with low RSV PRNT. Detection of
RSV PRNT <1:200 in one-third of cord sera confirms the need to increase levels of RSV neutralizing antibody in pregnant women

through maternal immunization.
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Pneumonia is the leading global cause of morbidity and mortal-
ity in children under 5 years of age [1]. As access to vaccines for
bacterial pneumonia improves, viruses such as influenza and re-
spiratory syncytial virus (RSV) are becoming increasingly im-
portant contributors to acute lower respiratory illness (ALRI)
in pediatric populations. RSV is the most frequent cause of
ALRI and bronchiolitis in infants 2, 3]. A recent global estimate
of the annual burden attributed 33.8 million episodes of illness
in children under 5 years of age and 253 000 deaths in children
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under 1 year to RSV; 99% of deaths are estimated to occur in
developing countries [1, 3].

Protection against RSV-associated disease is primarily anti-
body (Ab)-mediated [4, 5], and passively acquired RSV neutral-
izing Ab can protect infants against RSV ALRI [6-9]. To address
the global burden of RSV, promising vaccines are in development
with a focus on maternal immunization (to prevent RSV ALRI in
the first months of life) and infant immunization (to prevent RSV
ALRI in later infancy and early childhood) [10-12].

Protection of infants via maternal immunization requires ef-
ficient transplacental transport of maternal immunoglobulin G
(IgG) [13]. Transport begins during the second trimester and
increases until delivery, with peak transfer occurring after 32
weeks gestation [13]. In term infants, cord IgG typically equals
or exceeds maternal IgG [13]. Preterm birth, maternal malaria
(specifically, placental malaria [PM]), human immunodeficien-
cy virus (HIV), and hypergammaglobulinemia have been asso-
ciated with impaired transplacental transfer of IgG for a variety
of pathogens [13-26]; however, data are limited on transplacen-
tal transport of RSV-specific Ab [9, 15, 16, 27-29], as well as
conditions that may impede its transport [15, 16]. Therefore,
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we sought to determine the impact of PM and maternal hyper-
gammaglobulinemia on transplacental transport of RSV neu-
tralizing Ab. Furthermore, we restricted our study to term
infants in order to evaluate the effects of PM independent of
its association with preterm birth. We conducted our study
using specimens from mother-infant pairs residing on the
north coast of Papua New Guinea (PNG), where both Plasmo-
dium falciparum and P. vivax malaria are prevalent and pneu-
monia is the leading cause of child mortality, accounting for
17% of deaths in children under 5 [30].

METHODS

Populations and Specimens

Our study was nested within 2 studies of malaria in pregnancy
conducted by the Papua New Guinea Institute of Medical Re-
search (PNGIMR), the University of Melbourne, and Case
Western Reserve University. These studies were conducted in
rural and peri-urban areas on the north coast of Madang Prov-
ince, PNG (Supplementary Figure 1). We analyzed 300 pairs of
maternal and cord serum samples collected at delivery from
term pregnancies (gestational age [GA] >37 weeks).

The first cohort, “Alexishafen,” provided 157 maternal/cord
pairs obtained between 2005 and 2008 near Madang town (Sup-
plementary Figure 1), prior to intensified malaria control inter-
ventions and when the rate of malaria transmission was very high
[31, 32]. The second cohort, from the Fetal Immunity Study
(“FIS”), provided 143 pairs from a clinical trial of intermittent
preventive treatment of malaria in pregnancy (NCT01136850)
[33]. Pregnant women from regions in or near Madang town
were enrolled between 2011 and 2013. As this was subsequent
to the initiation of malaria control measures in 2009-2010
[34], the rate of malaria in pregnancy was expected to be substan-
tially lower than in the Alexishafen cohort.

GA at delivery was assessed using Ballard scores in the Alex-
ishafen cohort [35], and composite measures of GA based on
last menstrual period, fundal height, Ballard scores, and ultra-
sound data, when available, in the FIS cohort [33].

Placental Histology

Histologic characterization of placentae was performed using
methods developed by Rogerson et al [33]. Placentae were grad-
ed 1-5 to indicate acute (stages 1 and 2), chronic (3), past (4), or
no (5) infection. We defined PM as the presence of parasites,
malaria pigment, or both (stages 1-4). Polymerase chain reac-
tion (PCR) and blood smears for malaria were also performed
on maternal peripheral blood and placentae using methods de-
scribed elsewhere for Alexishafen [31] and FIS [33].

Maternal lgG Measurement

Maternal IgG levels were measured by radial immunodiffusion
(Binding Site, Birmingham, UK). Maternal hypergammaglobu-
linemia was defined as >1700 mg/dL, based on comparisons to
levels in healthy adults [36].

RSV-specific Antibody Measurement

RSV Ab was measured using a complement-enhanced 60% pla-
que-reduction neutralization (PRN) assay [37]. Plaque-reduc-
tion neutralization titers (PRNTSs) are expressed arithmetically
and as reciprocal log,.

Cord-to-maternal titer ratios (CMTRs) (cord PRNT/mater-
nal PRNT) were calculated for each mother-infant pair.
CMTRs in healthy, full-term pregnancies range from 1.0 to
1.2 [13]. Therefore, for this study, we defined normal transfer
as CMTR >1.0, impaired transfer as CMTR <1.0, and severely
impaired transfer as CMTR <0.8.

Cord PRNTSs were also assessed as an outcome of interest. A
cord PRNT that correlates with protection of infants against
RSV ALRI has yet to be precisely defined. To determine an ap-
propriate threshold for our analysis, we reviewed data from
studies in cotton rats and in infants of protection afforded by
intravenous administration of immunoglobulin containing
high titers of RSV neutralizing Ab (RSV-IGIV) measured
using a similar PRN assay [4, 6]. In cotton rats, PRNTs of
1:200-1:400 were associated with protection against pulmonary
infection [4]. In high-risk infants receiving monthly doses of
RSV-IGIV, trough levels of serum RSV Ab as measured by
PRNT were generally >1:200 in infants in whom protection
against RSV ALRI was observed [6]. Therefore, we categorized
infants with cord blood PRNT >1:200 as having the putative
minimal Ab level required for protection against RSV ALRI at
birth.

Statistical Analysis

Statistical analyses were performed using Stata version 11
(StataCorp LP, College Station, Texas). Fisher’s exact, x7,
Mann-Whitney, and Student’s ¢-test were used for pairwise
comparisons as appropriate. Linear regression was used for
continuous outcomes, while logistic regression was used for
dichotomous outcomes. P < .05 was considered significant.
Log,-transformed maternal RSV PRNT, categorical maternal
age, and gravidity (dichotomized as primigravid or multigravid)
were included in final models a priori. Total IgG was analyzed
as both a continuous and dichotomized predictor.

Ethical Review

The Institutional Review Boards of University Hospitals Case
Medical Center (No. 05-11-02), the Papua New Guinea Medical
Research Advisory Committee (No. 11.33), and the Johns Hop-
kins School of Public Health approved this work.

RESULTS

Mothers and Infants

In Alexishafen and FIS, the mean maternal age was 25 years;
range, 16-49 years (Alexishafen) and 16-42 years (FIS)
(Table 1). Fewer women in Alexishafen were primigravid com-
pared to FIS (34.4% vs 48.9%; P =.012). At delivery, maternal
anemia (hemoglobin <9 g/dL) was substantially higher in
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Table 1. Baseline Clinical Characteristics of Mother-Infant Pairs

Characteristic Alexishafen Cohort FIS Cohort P Value

Number of pairs 157 143

Maternal characteristics
Maternal age in years, mean (range) 25.4 (16-49) 25 (16-42) .543
Gravidity, mean (range) 2.77 (1-10) 1.8 (1-8) <.001
Primigravid, n (%) 54 (34.4%) 70 (48.9%) .012
Maternal hemoglobin at delivery (g/dL), mean (range) 9.3 (4.2-14.2) 9.67 (56.5-13.9) .097
Anemic (<9 g/dL), n (%) 63 (40%) 25 (17%) <.001

Infant characteristics
Gestational age at birth in days, mean (range) 273 (245-294) 277 (255-300) <.001
Birth weight in grams, mean (range) 3007 (2050-5700) 3057 (2100-4400) 324
Low birth weight (<2500 g), n (%) 11 (7%) 10 (6.9%) 1996
Female, n (%) 70 (46.4%) 69 (48.3%) 7451

Malaria exposure

Placental malaria by histology

Number of pairs with histology available 153 137 A
Placental malaria positive (stages 1-4), n (%) 93 (60.2%) 12 (8.8%) <.001
Placental malaria negative (stage 5), n (%) 60 (39.2%) 125 (91.2%) <.001
Stage 1—acute: parasites only, no pigment in monocytes or fibrin, n (%) 58 (37.9%) 7 (5.1%) <.001
Stage 2—acute: parasites, pigment in monocytes +/— fibrin, n (%) 20 (13%) 0 <.001
Stage 3—chronic: parasites, pigment in fibrin, n (%) 3(2.0%) 1(0.7%) .361
Stage 4—past infection, n (%) 12 (7.8%) 4 (2.9%) .062

Peripheral blood PCR
No positive PCR test in pregnancy, n (%) 13 (8.2%) 130 (90.9%) <.001
Any positive PCR test in pregnancy (P. falciparum, P. vivax, or P. ovale), n (%) 144 (91.7%) 13 (9.1%) <.001
Negative by PCR at delivery (maternal peripheral blood), n (%) 90 (567.3%) 136 (97.1%) <.001
Positive by PCR at delivery (maternal peripheral blood), n (%) 67 (42.7%) 4 (2.86%) <.001

Maternal IgG
Mean (range) 2004 (727.8-7514.3) 1110 (501-2726.2) <.001
Hypergammaglobulinemia (>1700 mh/dL), n (%) 85 (54%) 12 (8.4%) <.001

Abbreviations: FIS, Fetal Immunity Study; IgG, immunoglobulin G; PCR, polymerase chain reaction.

Alexishafen than in FIS (40% vs 17%; P <.001, Table 1). Ap-
proximately 7% of infants in each cohort were low birth weight
(<2500 g) (Table 1).

Malaria in Pregnancy

The burden of malaria differed substantially between cohorts. In
Alexishafen, 92% of mothers had >1 PCR+ assay for malaria in
peripheral blood, 43% were malaria-positive at delivery by blood
smear, and 60% of placentae showed evidence of chronic or acute
PM. In contrast, the frequency of malaria in FIS was substantially
lower: 9% of pregnant women had >1 PCR+ assay for malaria in
peripheral blood, 2.9% of mothers were malaria-positive at deliv-
ery by blood smear, and 8.8% of placentae for which histology
was available showed evidence of PM (Table 1).

CMTRs, Placental Malaria, and Hypergammaglobulinemia

The distribution of CMTRs was very similar across the 2 co-
horts: geometric mean (GM) 1.19 for Alexishafen (range,
0.22-4.54) and GM 1.22 (range, 0.29-3.88) for FIS. Despite
the vast difference in rates of PM between the cohorts, propor-
tions of maternal-cord pairs with impaired transfer were nearly
identical. Approximately one-third (34% in Alexishafen, 32% in

FIS) of maternal-cord pairs in each cohort had CMTR <1.0
[Table 2; Figure 1A and 1D]. Furthermore, the proportions
with impaired transfer were not statistically significantly differ-
ent after stratification by PM exposure: 37% of PM-exposed
pairs in Alexishafen and 25% in FIS had CMTRs <1.0 (Table 2,
Figure 1B and 1E), compared to 32% and 34%, respectively, in
PM-unexposed pairs (Table 2, Figure 1C and 1F). Severely im-
paired transfer (CMTR <0.8) was observed in 17% of Alexisha-
fen and 18% of FIS pairs and likewise was not significantly
different after stratification by PM exposure (Table 2). The re-
lationship between PM and CMTR was further explored
through univariate and multivariate logistic regression, adjust-
ing for maternal PRNT, maternal IgG, maternal age, and gravid-
ity (Table 3). These analyses confirmed that PM was not
significantly associated with impaired transfer in either cohort.
Regression analyses using PCR-based definitions of malaria ex-
posure (any positive PCR test in antenatal care [ANC] or at de-
livery) were also conducted; no significant associations were
observed (data not shown).

Maternal IgG levels were much greater in Alexishafen (GM:
2004 [range, 727-7514 mg/dL]) than FIS (GM: 1110 [range,
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501-2762 mg/dL]; P <.001]) as was the proportion of women
with hypergammaglobulinemia (54% vs 8%; P < .001; Figure 2).
Interestingly, PM and hypergammaglobulinemia were not in-
variably associated: of 300 total women studied, 105 had PM
and 97 had hypergammaglobulinemia, but only 53 had both
(Figure 3A).

In contrast to PM, high levels of maternal IgG were associated
with impaired transfer of RSV Ab in these populations. We
found that mean CMTRs were slightly lower when maternal hy-
pergammaglobulinemia was present than when it was absent
(GM CMTR 1.07; 95% confidence interval [CI], .96-1.19 vs
1.26; 95% CI, 1.19-1.34; P =.05) (Supplementary Figure 2).
Furthermore, multivariate analyses that included IgG and
CMTR as continuous variables and adjusted for maternal
PRNT, maternal age, gravidity, and PM demonstrated that in-
creasing maternal IgG was significantly associated with a reduc-
tion in CMTR in both cohorts. Likewise, increasing maternal
IgG was associated with increased odds of impaired CMTR
when we dichotomized at CMTRs of 1.0 and 0.8. For every dou-
bling of maternal IgG, the odds of a CMTR <1.0 increased sub-
stantially in both cohorts (adjusted odd ratio for CMTR <1.0 for
Alexishafen: 2.68; 95% CI, 1.17-6.14, P = .02; FIS: 6.94; 95% CI,
1.94-24.8, P =.003; Table 3). Hypergammaglobulinemia was
not invariably associated with high maternal levels of RSV
PRNT: 36% of women with IgG levels >1700 had RSV PRNT
<1:200 (Supplementary Figure 3). Furthermore, the effect of hy-
pergammaglobulinemia on transplacental transport appeared
to be greatest in those with the lowest titers: among women
with both hypergammaglobulinemia and maternal RSV
PRNT <1:200, 39% had CMTR <1.0, whereas only 21% of
women with RSV PRNT <1:200 and normal IgG levels had
CMTR <1.0 (P =.04).

Titers of RSV neutralizing Antibodies in Maternal and Cord

Serum Samples

Maternal RSV PRNT GMT were nearly identical in both co-
horts (Alexishafen: GMT 254, range 11-7150; FIS: GMT 239,
range 19-2259), as were cord RSV PRNT GMTs (Alexishafen:
GMT 302, range 21-3257; FIS: GMT 291, range 23-2592). The
point estimates for mean maternal PRNT were lower in women
with PM than in those without PM in Alexishafen and FIS, but
these findings were not statistically significant (Table 2). As ex-
pected, maternal and cord PRNTs were highly correlated (Pear-
son’s r: 0.82 [P<.001] in Alexishafen, 0.73 [P <.001] in FIS,
Figure 1).

Thirty-four percent of cord serum samples from Alexishafen
and 31% from FIS had RSV PRNT <1:200 (Figure 4). While not
evaluated in these cohorts, studies conducted elsewhere esti-
mate the half-life of maternally derived RSV Ab to be approxi-
mately 28 days [28, 29]. Using this decay rate, the proportion of
1-month-old infants with a cord PRNT <1:200 would increase
to 66% and 68% in Alexishafen and FIS, respectively.

RSV PRN Titers and CMTRs by Placental Malaria Status and Hypergammaglobulinemia

Table 2.

Proportion of CMTRs <1.0

Proportion of CMTRs <0.8

CMTR GM (range)

Cord PRNT GM (range)

Maternal PRNT GM (range)

Alexishafen cohort

0.34
0.37

0.32
OR 1.24 [0.59-2.64] P

0.17
0.17

0.17
OR 1.04 [0.40-2.77] P

1.19 (0.22-4.54)
1.16 (0.22-4.24)
1.23 (0.32-4.54)

301.7 (21.4-3257)
256.0 (33-3257)

254.3 (11-7150)

All

220.4 (23-7150)

Placental malaria +

371.7 (21.4-3191)

303.0 (11-3329)

Placental malaria —

= 53

=9

.007

p
332.4 (21.4-3257)

269.1 (33-2870)

P=.02

305.1 (11-7150)
205.1 (23-1973)

0.42

0.25
OR 2.2 [1.05-4.66] P

0.22

0.11
OR 2.3 [0.88-6.5] P

1.09 (0.22-4.55)
1.31 (0.40-3.99)

Hypergammaglobulinemia +

Hypergammaglobulinemia —

=.02

.06

.014

p=

159

p=

.004

p=

FIS cohort

0.32
0.25

0.34
OR 0.64 [0.11-2.73] P

0.18
0.08

0.2
OR 0.36 [0.008-2.74] P

1.22 (0.29-3.88)
1.30 (0.71-2.55)

291.0 (23.1-2592)

239.1 (19.5-2259)
229.9 (58.7-587.9)

All

300.9 (78.3-869.3)

Placental malaria +

295.2 (23.1-2592.8) 1.2 (0.29-3.88)

246.0 (19.5-2259)

Placental malaria —

.75

46

P=.52

P=.78

P=.81

0.67

0.29
OR 4.89[1.2-23.3] P

0.50

0.15
OR 5.55 [1.31-22.7] P

0.96 (0.41-2.58)

353.2 (192.4-836)

368.5 (87.1-2032)

Hypergammaglobulinemia +

1.24 (0.29-3.88)

285.9 (23.1-2598)

229.8 (19.5-2259)

Hypergammaglobulinemia —

.019

.009

.065

P=

278

p=

.055

P=

Abbreviations: CMTRs, cord-to-maternal titer ratios; FIS, Fetal Immunity Study; GM, geometric mean; OR, odds ratio; PRNT, plague-reduction neutralization titer; RSV, respiratory syncytial virus.
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Figure 1. Relationship of maternal respiratory syncytial virus (RSV) plaque-reduction neutralizing titer (PRNT) to cord RSV PRNT in the presence and absence of placental
malaria (PM). PRNTs are expressed as reciprocal log,. In each graph, the solid line represents a cord-to-maternal titer ratio of 1.0. A, Alexishafen cohort, all pairs. B, Alexishafen
cohort, PM-positive pairs. C, Alexishafen cohort, PM-negative pairs. D, FIS cohort, all pairs. £, FIS cohort, PM-positive pairs. F, FIS cohort, PM-negative pairs. Abbreviation: FIS,

Fetal Immunity Study.

Interestingly, the infant specimens with cord PRNT <1:200 and
the maternal/infant paired specimens with a CMTR <1.0 were
somewhat distinct: only 55% of Alexishafen infants and 41% of
FIS infants met both criteria (Figure 3B).

DISCUSSION

As maternal immunization becomes an increasingly important
strategy for protection of very young infants, identification of
factors that could impact vaccine effectiveness by modifying
the efficiency of transplacental Ab transport will be critical.
This study shows that increasing maternal IgG, but not PM,

was associated with impaired transport of RSV neutralizing
Ab in mothers and full-term infants in PNG, and that impaired
transport occurred in approximately one-third of maternal-
cord pairs.

These cohorts provided an unusual opportunity to examine
associations between maternal conditions and impaired Ab
transport. Participants were from catchment areas in close prox-
imity to one another but were enrolled in 2005-2008 (Alexish-
afen) or in 2011-2013 (FIS). During this time interval, regional
intensification of malaria control led to substantial reduction in
rates of malaria [31], yet the pattern of transplacental transport

Table 3. Multiple Logistic Regression for Association Between Placental Malaria and Maternal IgG With CMTRs

Alexishafen FIS
Adjusted Odds Ratio (Cl) P Value Adjusted Odds Ratio (Cl) P Value

CMTR <0.8

Placental malaria 1.11 (.43-2.87) .822 0.237 (.024-2.27) 212

Maternal IgG 2.93 (1.10-7.74) .03 5.95 (1.32-26.77) .02
CMTR <1.0

Placental malaria 1.36 (.647-2.87) 415 0.44 (.099-1.94) .280

Maternal IgG 2.68(1.17-6.14) .020 6.94 (1.94-24.8) .003

Placental malaria is included in these models as a dichotomous variable, while maternal IgG (measured in mg/dL) is a log,-transformed continuous measure.

Abbreviations: Cl, confidence interval; CMTRs, cord-to-maternal titer ratios; FIS, Fetal Immunity Study; IgG, immunoglobulin G.
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of RSV neutralizing Ab remained nearly identical, with no stat-
istically significant associations between PM and impaired
transport demonstrated in either univariate or multivariate
models.

Our findings differ from previous reports of the effect of PM
on transplacental Ab transfer. Studies of Ab transfer for mea-
sles, varicella, Haemophilus influenzae, Streptococcus pneumo-
niae, and tetanus in the Gambia [14, 15], Malawi [18], and
Kenya [20] have found associations between impaired transport
and PM, as did a study of tetanus Ab transfer among women
with malaria in PNG [21]. Data on PM and transplacental
transport of RSV Ab are more limited; however, 1 study of
213 mother-infant pairs in the Gambia [15] found that both
PM (defined by histology and blood smear of placental tissue)
and hypergammaglobulinemia (defined as total IgG >1500 g/

dL) were associated with a significant reduction in RSV IgG
transfer as measured by enzyme-linked immunosorbent assay.

There are several possible explanations for the differences be-
tween these earlier findings and ours. First, we restricted our
study to term infants to assess the effect of PM independent
of preterm birth. In contrast, the study in The Gambia [15]
only excluded infants born at <24 weeks gestation, and therefore
27% of infants studied were preterm. PM is a known cause of
preterm birth, and preterm birth is associated with impaired
Ab transfer [13]. We wanted to evaluate associations between
PM and impaired transfer independent of preterm birth. Sec-
ond, we measured RSV neutralizing Ab (rather than total
RSV IgG) because it correlates with protection against RSV-
ALRI [6-9]. It is possible that the IgG subclass distribution
found when measuring RSV neutralizing Ab is different from

54% Alexishafen
8% FIS

60% Alexishafen
9% FIS
32% Alexishafen

1.3% FIS

I I

Placental Malaria Hypergammaglobulinemia

Both Placental Malaria and
Hypergammaglobulinemia

34% Alexishafen
32%FIS

34% Alexishafen
31% FIS

| |

CMTR <1.0 Cord PRNT <1:200

Both CMTR <1.0 and Cord
PRNT <1:200

Figure 3. A, The relationship between placental malaria (PM) and hypergammaglobulinemia. Left circle, proportion of mothers with PM by histology; right circle, proportion
of mothers with hypergammaglobulinemia; shaded middle area, proportion of mathers with bath PM and hypergammaglobulinemia. B, The relationship between cord-to-ma-
ternal titer ratios (CMTRs) and cord plaque-reduction neutralization titers (PRNTs). Left circle, proportion of maternal/cord pairs exhibiting CMTR <1.0; right circle, proportion of
cord specimens with PRNT <1:200, shaded middle area, proportion of cord specimens where CMTR was <1.0 and PRNT was <1:200. Abbreviation: FIS, Fetal Immunity Study.
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line indicates a cord PRNT of 1:200. Abbreviation: FIS, Fetal Immunity Study.
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the distribution found when measuring total RSV IgG (which
presumably would contain both neutralizing and nonneutraliz-
ing Ab), and that PM might have a differential effect on subclass
transport. Finally, the study in The Gambia evaluated the effects
of both PM and hypergammaglobulinemia, but 94% of the hy-
pergammaglobulinemic women also had PM, complicating the
assessment of those exposures independently. In contrast, only
56% of the hypergammaglobulinemic women in our study had
PM, allowing us to more readily examine the separate effects of
these 2 conditions (Figure 3A). Our evaluation of maternal IgG
as a continuous predictor may have also helped us retain impor-
tant detail in these associations, especially in the FIS cohort,
where few women had IgG values >1700 mg/dL. Of interest,
we found that mean RSV PRNT was lower in mothers with
PM compared to those without PM, though these differences
were not significant (Table 2). This finding should be explored
further in future studies.

We showed that increasing maternal IgG was significantly as-
sociated with impaired transport of RSV neutralizing Ab inde-
pendent of maternal age, gravidity, PM, and maternal RSV
PRNT, and that its impact may be more pronounced among
women with lower RSV PRNT. Hypergammaglobulinemia is
believed to interfere with active receptor-mediated transfer of
maternal Ab via saturation of placental FcRN receptors [13],
and impaired Ab transfer has been well described in a number
of maternal conditions that are associated with hypergamma-
globulinemia, such as HIV infection [19, 23]. Hypergammaglo-
bulinemia has been associated with impaired transport of other
virus-specific Abs, including measles [14, 17, 18, 38]. Interest-
ingly, women in Alexishafen and FIS had strikingly different
rates of hypergammaglobulinemia (54% vs 8%) despite being
separated by only a few years in time. While some general health

indicators have improved in this interval [30], the substantial
decrease in malaria prevalence in this area of PNG is likely
the greatest change and may partially explain this difference.
Thus, while malaria does not appear to impair Ab transfer di-
rectly (ie, through infection of the placenta), it may impair
transfer indirectly through the induction of hypergammaglobu-
linemia. Further studies into the causes of hypergammaglobuli-
nemia in this region are needed.

Despite the association between hypergammaglobulinemia
and impaired transport, cord PRN GMTs were strikingly simi-
lar in the Alexishafen and FIS cohorts. This is likely because
maternal RSV PRNT remains the most important predictor of
cord RSV PRNT on a population basis. In both cohorts, we
found that approximately one-half of mothers and one-third
of infants had RSV PRNTs below the putative protective thresh-
old of 1:200. Taking into account the decay of maternal anti-
bodies after birth, the proportion of susceptible infants would
increase to 66%-68% by 1 month of age. These data suggest
that a large proportion of young infants in PNG may be suscep-
tible to severe RSV infection. Additional studies to determine
the epidemiology of RSV in this population are underway.

This work was subject to several limitations. Specimens were
obtained from studies designed for other purposes, so our abil-
ity to evaluate additional exposures related to hypergammaglo-
bulinemia is limited. HIV status was not available for either
cohort, but a study among women seeking ANC in Madang
during 2011-2013 found HIV prevalence to be 1.1% [33]. Syph-
ilis serostatus was not available for women in Alexishafen, but
only 2 women in FIS had serologic evidence of active syphilis
infection at enrollment. Preterm birth was an exclusion criteri-
on for this study. For a large proportion of participants, meth-
ods other than ultrasound were used to estimate GA. Imprecise
GA assessment could result in failure to exclude preterm in-
fants; however, recent evidence suggests that these clinical
methods have a high specificity for preterm birth [39]. Finally,
while PRN is considered the gold standard for measurement of
RSV Ab, it is a bioassay and subject to variability. We attempted
to minimize this by using standardized protocols and reagents
and by testing maternal and cord serum samples in duplicate
and on the same plate to ensure consistency.

In summary, we have evaluated transplacental transfer of
RSV neutralizing Ab in northern coastal PNG. We showed
that increasing maternal IgG, but not PM, was associated with
impaired transport among full-term infants. Moreover, we
showed that approximately one-third of full-term infants were
born without protective levels of RSV neutralizing Ab. These
data suggest that approaches to enhance passive protection
against RSV in very young infants in populations such as this
might help prevent ALRI in early life. As maternal immuniza-
tion strategies against RSV and other pathogens are developed
and implemented, it will be important to continue to assess fac-
tors that affect transplacental transfer of Ab and to determine
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whether sufficient levels of Ab can be induced to overcome any
potential deficits in transport.

Supplementary Data

Supplementary materials are available at http://jid.oxfordjournals.org.
Consisting of data provided by the author to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so
questions or comments should be addressed to the author.
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