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Inflammation during placental malaria (PM) is associated with low birth weight (LBW), especially during
the first pregnancy, but the relative contribution of maternal or fetal factors that mediate this effect remains
unclear and the role of gamma interferon (IFN-y) has been controversial. We examined the relationship of
maternal and cord plasma levels of IFN-vy, tumor necrosis factor alpha, interleukin-10, ferritin, and leptin to
birth weight for Tanzanian women delivering in an area where there is a high rate of malaria transmission. The
placental levels of inflammatory cytokines, including IFN-vy, increased significantly during PM in primigravid
and multigravid women but not in secundigravid women. PM also increased maternal peripheral levels of all
inflammatory markers except IFN-y but had strikingly little effect on cord levels of these proteins. In a
multivariate analysis, placental IFN-y was negatively associated (P = 0.01) and cord ferritin was positively
associated (P < 0.0001) with birth weight in infected (PM-positive [PM™]) first-time mothers. This relation-
ship was not observed in other mothers, consistent with the epidemiology of PM and disease. Cord leptin had
a strong positive relationship with birth weight in offspring of PM-negative women (P = 0.02 to P < 0.0001)
but not in offspring of PM* women (all differences were not significant) in the three gravidity groups. The
results confirmed that placental IFN-v is related to LBW due to PM during first pregnancies and suggest that
fetal ferritin plays a protective role. Because fetal cells are a source of placental IFN-y and cord ferritin, the

fetal response to PM may modify the risk of LBW.

Placental malaria (PM) due to Plasmodium falciparum
causes low birth weight (LBW), and this effect is estimated to
kill tens of thousands or hundreds of thousands of infants
annually (5, 13). PM is caused by parasite-infected erythrocytes
that bind placental receptors, such as chondroitin sulfate A, to
sequester in intervillous spaces (10). Women become resistant
to PM over successive pregnancies as they acquire antibodies
against placental or chondroitin sulfate A-binding parasite-
infected erythrocytes (11, 35). First-time mothers lack these
antibodies and commonly develop chronic PM with inflamma-
tory infiltrates rich in monocytes and macrophages (19, 28).
These inflammatory infiltrates have been associated with LBW
and other poor pregnancy outcomes (16, 19, 34), but these
relationships are seen primarily during first pregnancies.

Placental levels of the inflammatory cytokine tumor necrosis
factor alpha (TNF-a) have also been related to LBW caused by
PM (12, 33, 37), while the roles of gamma interferon (IFN-y)
and interleukin-10 (IL-10) have been controversial (12, 33, 37).
TNF-a and IL-10 are expressed by the maternal inflammatory
cells that infiltrate the infected placenta, while IFN-vy is se-
creted by placental villi, suggesting that the source is fetal (37).
Elevated cord blood levels of ferritin, a marker of inflamma-
tion, were also recently found to increase the risk of LBW in a
small study in Malawi (2). Other recent studies found elevated
maternal levels of C-reactive protein (CRP) (3) and urokinase-
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type plasminogen activator (29) during infection, and the latter
marker was significantly related to decreased birth weight.
Taken together, these data suggest that inflammatory re-
sponses in the mother or fetus may play roles in the develop-
ment of LBW, but the relative contributions of maternal or
fetal factors remain unclear. No study of PM has analyzed all
these potential risk factors in maternal and fetal blood simul-
taneously.

In healthy neonates, cord blood levels of the hormone leptin
are positively associated with birth weight (39), but the role of
leptin in PM has not been examined. Leptin, which regulates
appetite and metabolism, is produced by adipocytes, and leptin
levels normally reflect body fat stores (21). In addition to its
role in metabolism, leptin potentiates inflammation by enhanc-
ing macrophage phagocytosis, as well as TNF-a and type 1
cytokine production by T cells (22, 30). In animal models, the
leptin level increases during malaria infection (32). During
pregnancy, the placenta acts as an additional source of leptin.
Maternal plasma leptin concentrations increase (24) and do
not correlate with body fat stores, indicating that leptin has an
alternative function during pregnancy and fetal development
(21). Fetal plasma leptin is derived from the placenta starting
in early gestation (14) and from fetal adipose tissue which
appears and develops progressively from 14 weeks of gestation
to term (31).

Understanding the relative contributions of maternal and
fetal factors that cause LBW during PM could focus the effort
to develop interventions. In the present study, we measured
levels of IFN-y, TNF-a, IL-10, ferritin, and leptin in maternal
and fetal blood samples from Tanzania. We examined whether
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TABLE 1. Characteristics of infants and mothers in the study population, stratified by maternal gravidity and PM status”

Mean maternal age Birth wt Newborn gender
PM
Group . n
status Age (yr) P value Wt (kg)” P value No.o;)ff;rnljaileess/no. P value
Primigravidae PM™ 185 20.8 0.07 3.101 (0.436) 0.0007 98/86° 0.3
PM™* 47 19.8 2.851 (0.444) 21/26
Secundigravidae PM™ 153 233 0.25 3.242 (0.436) 0.001 82/71 0.1
PM™* 33 24 2.987 (0.303) 14/19
Multigravidae PM™ 367 30.1 0.01 3.280 (0.397 0.004 184/183 0.29
g
PM™* 23 28 3.047 (0.468) 15/8

“ Maternal age and newborn birth weight data for the PM™ and PM ™~ groups were compared by using an unpaired ¢ test, and newborn gender data were compared

by using a chi-square test. P values for the differences are indicated.
’ The values are the means (standard deviations).

¢ The gender of the newborn of one PM ™ primigravid mother was not recorded.

these levels were associated with LBW using multivariate anal-
ysis, and we assessed the effects of gravidity or PM on these
relationships. Our results show that factors expressed by the
fetus may modify the risk of LBW.

MATERIALS AND METHODS

Study subjects and clinical procedures. The subjects included in the present
study were individuals participating in the Mother-Offspring Malaria Studies
(MOMS) Project in Muheza district, northeastern Tanzania, between September
2002 and October 2005. Mother-infant pairs were recruited during delivery
hospitalization at the Muheza Designated District Hospital. Clinical information,
including antimalarial agent use during pregnancy to prevent malaria, was ob-
tained by history and physical examination, as well as review of medical records.
Pregnant women were eligible for the study if they were between 18 and 45 years
old and had no clinical evidence of chronic or debilitating illness, such as recent
significant weight loss or chronic diarrhea. Cases of twin or triplet gestation,
human immunodeficiency virus infection, or early neonatal death were not in-
cluded in the analyses in this study. LBW was defined as weight at birth of
<2,500 g.

Protocols for procedures used in this study were approved by the International
Clinical Studies Review Committee of the Division of Microbiology and Infec-
tious Diseases at the U.S. National Institutes of Health. Ethical clearance was
obtained from the institutional review boards of Seattle Biomedical Research
Institute and the National Institute for Medical Research in Tanzania. Written
informed consent was obtained from each mother before she entered the study.

Peripheral blood was obtained by venipuncture from women at delivery and
anticoagulated with citrate phosphate dextrose. Cord blood samples were ob-
tained by clamping the cord and cannulating umbilical vessels immediately after
delivery. After removal of the umbilical cord and fetal membranes, placental
blood samples were obtained by manual compression of the placental tissue in a
grinder. Placental and cord blood samples were anticoagulated with EDTA. All
samples were collected by trained nurses. Plasma was obtained by centrifugation
at 3,000 X g for 3 min and was stored frozen at —70°C until it was thawed on the
day that cytokine assays were performed.

Parasitemia was defined as identification of any parasites in a placental blood
smear or a cord blood smear by microscopy. Thick and thin smears were pre-
pared for all samples; thin smears were fixed with methanol. Blood slides were
stained for 10 min in 10% Giemsa stain, washed in tap water, air dried, and then
examined using light microscopy at a magnification of X100. Ten thousand red
blood cells were examined in the thin smear before it was concluded that a
placental blood slide was negative.

Plasma analyte assays. Each plasma sample was analyzed using a multiplex,
bead-based platform (BioPlex; Bio-Rad, Irvine, CA) and custom-made assay kits
as previously described (8). For each serum sample, all analytes were assayed in
a single day, thus eliminating freeze-thaw cycles. All pipetting and sample iden-
tification were performed with a bar code-enabled, high-speed pipetting robot
(Megaflex; Tecan, Research Triangle Park, NC). The detection limits for the
different soluble factors were as follows: IFN-y, 0.04 pg/ml; TNF-a, 0.10 pg/ml;
1L-10, 0.02 pg/ml; ferritin, 0.07 ng/ml; leptin, 1.28 pg/ml; and CRP, 0.01 pg/ml.

The levels of soluble factors were adjusted to account for dilution in anticoag-
ulant at the time of sample collection.

Statistical analyses. Analyses were performed using Statview 5.0.1 (SAS In-
stitute, Cary, NC). Differences in the proportions of placental blood samples with
detectable IFN-y from PM-positive (PM*) and PM-negative (PM~) women
were analyzed by a chi-square test. Differences between groups in the levels of
soluble factors or parasite densities were analyzed by a Mann-Whitney test or
Kruskal-Wallis test, according to the number of groups. An unpaired ¢ test was
used to test for differences in maternal age and infant birth weight between the
PM* and PM ™ groups. Factorial analysis of variance was used to identify inter-
actions between PM or gravidity on the relationship between soluble factors and
birth weight. Univariate linear regression and multivariate linear regression were
used to analyze the relationship of cytokines and other soluble factors to birth
weight. Levels of IFN-y, TNF-a, IL-10, leptin, and ferritin, as well as parasite
density, were log transformed to obtain normal distributions for regression anal-
yses.

RESULTS

Demographic characteristics of the study population. After
twins and triplets, cases of human immunodeficiency virus in-
fection, and early neonatal deaths were excluded, 808 mother-
infant pairs remained for analysis. Demographic characteristics
of the cohort stratified by PM and gravidity are shown in Table
1. A total of 103 study participants had PM at delivery, while
parasites were detected in cord blood smears of five partici-
pants. Primigravid and multigravid women with PM were sig-
nificantly younger than their PM™ counterparts. PM was asso-
ciated with lower birth weight in all gravidity groups (P < 0.05
for all groups), but the smallest newborns were delivered by
first-time mothers. Mean birth weight did not vary significantly
based on the mother’s history of taking antimalarials as pre-
ventive treatment during pregnancy (data not shown), possibly
due to the known high rates of drug-resistant parasites in the
study area. According to the Dubowitz score, the gestational
age of LBW newborns was not significantly different from that
of other newborns (data not shown), suggesting that intrauter-
ine growth retardation was the primary cause of LBW in this
cohort. Infected primigravid women had significantly higher
parasitemia levels (median percentage of red blood cells in-
fected, 2.9%; P = 0.0002) than infected secundigravid women
(median, 0.6%) or multigravid women (median, 0.9%).

PM alters maternal but not fetal levels of inflammatory
markers. PM was associated with significant increases in the
levels of inflammatory markers (including IFN-y and TNF-a)
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TABLE 2. Levels of soluble factors in cord, placental, and peripheral blood of primigravid women, secundigravid women, and multigravid

women, stratified by PM status

PM™ women

PM™ women

Location Cytokine No. of Median concn No. of Median concn P value®
samples (interquartile range)® samples (interquartile range)®
Primigravid women
Cord TNF-a 168 105.4 (63.9-180.2) 40 118.2 (70.5-155.7) NS
IFN-y 168 0.0 (0.0-0.0) 40 0.0 (0.0-0.0) NS
IL-10 168 3.5(1.8-5.7) 40 3.3 (1.9-8.0) NS
Ferritin 168 101.3 (52.4-187.1) 40 140.2 (69.8-194.4) NS
Leptin 168 2,917.8 (1,091.5-6,811.4) 40 2,000.2 (754.4-6,193.7) NS
Placenta TNF-a 165 282.8 (161.9-535.1) 40 359.6 (287.7-668.6) 0.005
IFN-y 165 0.0 (0-75.5) 40 55.7 (0-190.9) 0.004
IL-10 165 10.0 (6.8-17.5) 40 67.3 (29.2-180.0) <0.0001
Ferritin 165 776.6 (445.4-1,061.8) 40 1,024.0 (651.5-1,739.1) 0.0002
Leptin 165 10,475.5 (4,774.0-20,984.2) 40 12,083.1 (7,732.8-28,661.3) NS
Peripheral TNF-a 165 24.1 (9.8-49.0) 41 70.6 (31.7-189.1) <0.0001
IFN-y 165 0.0 (0.0-0.0) 41 0.0 (0.0-6.6) NS
IL-10 165 5.7 (3.5-11.4) 41 22.7 (13.8-64.8) <0.0001
Ferritin 165 14.5 (8.3-33.0) 41 74.6 (22.5-150.5) <0.0001
Leptin 165 2,448.7 (1,145.6-6,348.7) 41 940.8 (634.1-10,269.8) 0.0004
Secundigravid women
Cord TNF-a 141 118.8 (63.4-179.6) 31 101.5 (50.9-178.2) NS
IFN-y 141 0.0 (0.0-0.0) 31 0.0 (0.0-0.0) NS
IL-10 141 2.3 (0.9-4.0) 31 3.5 (1.5-5.6) 0.03
Ferritin 141 110.5 (68.4-171.9) 31 74.7 (44.3-153.5) NS
Leptin 141 2,568.9 (1,091.6-7,003.2) 31 3,441.6 (1,212.5-5,356.8) NS
Placenta TNF-a 135 324.1 (169.1-506.9) 31 263.2 (186.6-448.2) NS
IFN-y 135 13.1 (0-68.1) 31 15.9 (0.-0-55.6) NS
1L-10 135 10.4 (5.6-17.5) 31 30.9 (14.5-57.3) <0.0001
Ferritin 135 639.5 (404.5-972.0) 31 613.4 (441.5-1,030.1) NS
Leptin 135 8,090.0 (4,279.9-16,420.0) 31 11,917.3 (3,475.7-21,359.0) NS
Peripheral TNF-a 134 21.8 (11.0-40.1) 31 55.0 (24.7-79.1) 0.0003
IFN-y 134 0.0 (0.0-0.0) 31 0.0 (0.0-0.0) NS
IL-10 134 6.1 (3.1-10.0) 31 22.6 (14.0-41.4) <0.0001
Ferritin 134 12.2 (7.4-20.5) 31 38.2 (21.2-79.9) <0.0001
Leptin 134 2,318.6 (1,111.0-6,581.3) 31 2,268.6 (446.8-4,679.7) NS
Multigravid women
Cord TNF-« 340 103.1 (58.6-149.9) 23 149.3 (85.9-171.5) NS
IFN-y 340 0.0 (0.0-0.0) 23 0.0 (0.0-0.0) NS
IL-10 340 2.8(0.9-5.2) 23 2.7 (0.9-6.6) NS
Ferritin 340 90.2 (47.8-164.6) 23 105.7 (80.5-155.5) NS
Leptin 340 3,577.6 (1,725.6-6,880.1) 23 2,445.6 (881.8-3,892.9) 0.05
Placenta TNF-« 328 263.6 (158.7-439.8) 20 512.3 (301.2-746.4) 0.005
IFN-y 328 0.0 (0-55.7) 20 49.3 (6.2-265.4) 0.001
IL-10 328 9.8 (6.0-17.6) 20 49.8 (30.4-204.7) <0.0001
Ferritin 328 640.1 (385.8-960.6) 20 867.3 (746.4-1,196.4) 0.0007
Leptin 328 7,193.0 (3,049.9-14,887.0) 20 9,495.4 (5,165.5-27,492.2) NS
Peripheral TNF-a 322 19.5 (9.0-44.4) 18 67.4 (17.9-98-6) 0.01
IFN-y 322 0.0 (0.0-0.0) 18 0.0 (0.0-0.0) NS
IL-10 322 6.2 (2.9-12.1) 18 27.2 (14.0-54.5) <0.0001
Ferritin 322 11.9 (6.9-28.0) 18 45.3 (12.0-97.9) 0.004
Leptin 322 2,130.4 (895.9-5,236.7) 18 1,965.1 (1,108.0-5,776.6) NS

“ The concentrations of TNF-a, IFN-y, IL-10, and leptin are expressed in picograms per milliliter, and the concentrations of ferritin are expressed in nanograms per milliliter.
® Differences between groups of women with and without PM were analyzed by using the Mann-Whitney U test. NS, not significant.

in the placental blood of primigravid and multigravid women
but not in the placental blood of secundigravid women (Table
2). Placental IFN-y was detected more frequently in samples
from PM™ primigravidae than in samples from PM~ primi-

gravidae (68.2% versus 48.4%; P = 0.02) or multigravidae
(84.2% versus 48.9%; P = 0.003) but not secundigravidae
(56.7% versus 54.8%; P > 0.999). Similarly, the levels of fer-
ritin, a marker of inflammation, as well as iron stores, were
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significantly increased in placental blood of infected primi-
gravid and multigravid women but not in placental blood of
secundigravid women. The level of anti-inflammatory cytokine
IL-10 was increased in placentas of infected women in all
gravidity categories.

The levels of TNF-a, IL-10, and ferritin were also increased
in the maternal peripheral blood of women with PM. Unlike
the pattern seen in placental blood, the increases occurred in
secundigravid women as well as in primigravid and multigravid
women. The peripheral blood IFN-y levels in PM™ women
were not significantly different from those in PM™ women.

The placental leptin levels in PM ™ samples were not differ-
ent from those in PM ™ samples for any of the gravidity groups.
The peripheral leptin levels were significantly lower in PM*
primigravid women than in PM™ primigravid women, but this
relationship was not observed for other gravidity groups.

In general, the fetal levels of cytokines and other soluble
factors were not altered during PM. PM was related to a small
but significant increase in the level of cord blood IL-10 in
secundigravid women. PM did not significantly alter cord blood
levels of TNF-a, IFN-v, leptin, or ferritin in any of the gravid-
ity groups. The levels of the inflammatory marker CRP were
elevated (>8.2 ng/ml) in only 17/457 (3.1%) cord blood sam-
ples tested, and elevated levels of CRP were seen in similar
proportions of PM™ cases (4/62, 6.4%) and PM ™ cases (13/395,
3.3%) (P = 0.22).

Gravidity and PM modify relationships of soluble factors to
LBW. We examined the relationship between all measured
analytes and birth weight by using univariate linear regression.
Placental IL-10 had a significant inverse relationship with birth
weight (B = —0.114, P = 0.002), while cord leptin had a
significant positive relationship with birth weight (B = 0.277, P <
0.0001). Cord ferritin, placental IFN-y, and placental TNF-«
were not significantly related to birth weight in these aggregate
analyses.

PM and gravidity are known to influence relationships be-
tween inflammatory cytokines and birth weight in malaria-
exposed individuals, and the relationship is limited to first
pregnancies (12). We performed factorial analysis of variance
to examine whether gravidity and PM modified relationships
between soluble factors and birth weight in this cohort. Inter-
action terms involving gravidity and/or PM significantly or
nearly significantly modified relationships between birth weight and
several soluble factors, including cord ferritin (significance of term
PM * parity, P = 0.04) and placental TNF-a (significance of term
placental TNF-a * PM, P = 0.07). We therefore stratified our
analyses by gravidity (Fig. 1) and by PM status (Fig. 2).

In analyses stratified by gravidity, LBW was related to sig-
nificant or nearly significant reductions in levels of cord leptin
and cord ferritin in all gravidity groups (Fig. 1). Although the
placental levels of TNF-a, IFN-y, and IL-10 were elevated in
primigravid and multigravid women delivering LBW babies
compared to women delivering normal-birth-weight babies
(data not shown), the differences were not significant.

In analyses stratified by PM status, LBW was strongly re-
lated to inflammatory cytokines when the mother was PM™.
The placental levels of TNF-a, IFN-y, and IL-10 were all
significantly and substantially increased in PM™* mothers de-
livering LBW babies compared to women delivering normal-
birth-weight babies (Fig. 2). Conversely, the cord levels of both
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leptin and ferritin were significantly decreased in LBW babies
compared with normal-birth-weight babies, and this was ob-
served for both PM ™~ and PM™ groups (data not shown).

Placental IFN-v is specifically related to decreased birth
weight. We performed multivariate regression analysis of the
factors that were related to birth weight in the univariate anal-
yses (Table 3). For multivariate analysis, we stratified by gra-
vidity and PM status, since these variables interacted with
several plasma factors and modified their relationship to birth
weight. Because one-half of women had undetectable placental
IFN-y levels (which therefore could not be normalized by
transformation), we analyzed the groups with detectable and
undetectable IFN-y levels separately.

In PM™ primigravidae with detectable placental IFN-vy, cord
blood ferritin was strongly related to increased birth weight (3 =
0.80, P < 0.0001), while placental IFN-y was related to de-
creased birth weight (B = —0.39, P < 0.01). These relation-
ships were not seen in other PM™ women (Table 3). In mul-
tivariate analysis that excluded IFN-y data but included all
PM™" primigravidae, cord blood ferritin was still related to
increased birth weight (3 = 0.41, P = 0.01), while placental
TNF-a was related to decreased birth weight (B = —0.50, P =
0.03). The effect of cord blood ferritin was different in different
groups. When placental inflammatory cytokines were related
to decreased birth weight (such as IFN-y or TNF-a in PM™
primigravidae or TNF-a in PM™ secundigravidae without de-
tectable IFN-v), ferritin had a positive effect on birth weight.
Conversely, ferritin had an inverse relationship with birth
weight in PM™ secundigravidae with detectable IFN-y, in
whom none of the cytokines had an effect on the outcome
(Table 3).

In PM™ women, cord blood leptin levels were significantly
associated with increased birth weight in all gravidity groups.
Leptin levels were not related to birth weight in PM™* women.

DISCUSSION

Malaria-related LBW is a major public health problem in
tropical countries and is thought to kill tens of thousands or
hundreds of thousands of infants each year. We report here a
comprehensive assessment of cytokines and other soluble fac-
tors measured in maternal and fetal blood that may be involved
in the pathogenesis of malaria-related LBW. Our results con-
firm the relationship between placental inflammation and
LBW during PM of first-time mothers and not other mothers.
Notably, only placental IFN-y remained significantly associ-
ated with decreased birth weight in the multivariate analysis.
The associations of placental IFN-y and cord blood ferritin
with LBW indicate that fetal responses may modify the risk of
LBW.

Elevated placental levels of TNF-a during PM have been a
consistent finding at different study sites (12, 33, 36), but the
effect of PM on placental IFN-v levels has been controversial
(12, 33). Differences between studies may be related to the
sensitivity of various assays used to measure IFN-y or to bio-
logic differences between study sites with different malaria
transmission intensities. As observed in a previous study (12),
the effect of PM that elicited inflammatory cytokines in the
placenta was limited to primigravid and multigravid women
and was not observed in secundigravid women in this cohort.



VoL. 76, 2008

A
15000 — @

P < 0.0001

1

10000 —

FETAL FACTORS AFFECT BIRTH WEIGHT DURING MALARIA

1531

P =0.003 P =0.0007

1

Cord leptin (pg/ml)

5000 —

(8)
500 —

400 —

P =0.01

300

200 A

Cord ferritin (ng/ml)

P =0.07 P =0.09

100 —

L

1 T

1

2 3

FIG. 1. Cord blood levels of (A) leptin and (B) ferritin for normal-birth-weight (open boxes) and LBW (shaded boxes) neonates. 1,
primigravidae (188 normal-birth-weight babies and 20 LBW babies); 2, secundigravidae (170 normal-birth-weight babies and 5 LBW babies); 3,
multigravidae (345 normal-birth-weight babies and 12 LBW babies). Each box plot indicates the median (horizontal line) and interquartile range
(box), whereas the whiskers indicate the 10th and 90th percentiles. The differences between two groups were analyzed by the Mann-Whitney U

test. Associated P values are shown.

The reasons that secundigravid women appear to be a distinct
immunological group are unknown, but we speculate that
secundigravidae comprise a transitional immune state between
the full susceptibility of primigravidae and the significant im-
munity of multigravidae. This transitional state may involve
distinct immune mediators in the response to infection, re-
flected by the distinct cytokine profile of secundigravidae.
Unlike the elevated levels measured in placental blood, the
level of IFN-y was not elevated in maternal peripheral blood
during PM. This suggests that maternal or fetal cells in the
placenta may be the primary source of IFN-y during PM. In a
previous study in Cameroon, IFN-y was produced by fetal villi
but not by maternal immune cells collected from infected pla-
centas (37). The placenta secretes numerous cytokines and
immunomodulatory molecules in addition to IFN-y, and these
molecules could play an important role in maternal and fetal
outcomes. For example, a recent study in Tanzania found that
fetal trophoblast cells express soluble vascular endothelial

growth receptor 1 during PM, possibly as a strategy to modu-
late the maternal inflammatory response (26).

Our finding that PM did not substantially alter cytokines in
fetal blood highlights the ability of the placental barrier to
shield the fetus from inflammation. Proinflammatory cytokines
like IL-18, TNF-a, and IL-6 do not cross the placenta (1),
which explains in part the unperturbed environment of the
fetus. However, in utero sensitization to malaria antigens is not
uncommon (9, 17, 23, 25, 38), indicating that the fetus is ex-
posed to parasites or parasite antigens. The lack of fetal in-
flammation may suggest that fetal exposure to viable parasites
does not occur or is limited or else that the fetus may actively
suppress inflammation (for example, by increasing the number
of regulatory T cells during PM) (6).

In the multivariate analysis of all the factors measured in the
current study, only IFN-y remained significantly associated
with decreased birth weight, a relationship observed in PM™
primigravidae but not in other groups. In areas where the rate
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FIG. 2. Placental blood concentrations of (A) TNF-q,

(B) IFN-v, and (C) IL-10 for normal-birth-weight (open boxes) and
LBW (shaded boxes) neonates. For the PM™ group, there were 78
normal-birth-weight babies and 9 LBW babies; for the PM ™ group,
there were 603 normal-birth-weight babies and 26 LBW babies.
Each box plot indicates the median (horizontal line) and interquar-
tile range (box), whereas the whiskers indicate the 10th and 90th
percentiles. The differences between two groups were analyzed by
the Mann-Whitney U test. Associated P values are shown.
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TABLE 3. Soluble factors related to birth weight in multivariate linear
regression analysis stratified by PM and gravidity of women with
detectable placental IFN-y and without
detectable placental IFN-y

Women n  PM status Factor B P value®
Detectable placental
IFN-y
Primigravid 80 PM™ Cord leptin 0.393  <0.0001
Cord ferritin -0.079 NS
Placental TNF-a  —0.283 NS
Placental IL-10 0.111 NS
Placental IFN-y  —0.009 NS
Secundigravid 74 PM™ Cord leptin 0.266  0.004
Cord ferritin —0.458 0.005
Placental TNF-a —0.261 NS
Placental IL-10 —0.06 NS
Placental IFN-y 0.141 NS
Multigravid 161 PM™ Cord leptin 0.191 0.007
Cord ferritin -0.117 NS
Placental TNF-«a 0.127 NS
Placental IL-10 —0.101 NS
Placental IFN-y  —0.01 NS
Primigravid 27 PM™ Cord leptin 0.079 NS
Cord ferritin 0.8 <0.0001
Placental TNF-a 0.065 NS
Placental IL-10 0.208 NS
Placental IFN-y  —0.393 0.01
Secundigravid 18 PM* Cord leptin 0.252 NS
Cord ferritin —0.217 NS
Placental TNF-a 0.393 NS
Placental IL-10  —0.228 NS
Placental IFN-y 0.018 NS
Multigravid 16 PM* Cord leptin 0.053 NS
Cord ferritin 0.168 NS
Placental TNF-a —0.591 NS
Placental IL-10  —0.242 NS
Placental IFN-y 0.157 NS
No detectable
placental TFN-y”
Primigravid 85 PM™ Cord leptin 0.318  0.0002
Cord ferritin 0.192 NS
Placental TNF-a —0.079 NS
Placental IL-10 0.16 NS
Secundigravid 61 PM™ Cord leptin 0.206  0.02
Cord ferritin 0.475 0.0001
Placental TNF-aa  —0.597  0.009
Placental IL-10 0.289 NS
Multigravid 167 PM™ Cord leptin 0.277 <0.0001
Cord ferritin —0.08 NS
Placental TNF-a 0.15 NS
Placental IL-10 0.03 NS
Primigravid 13 PM™ Cord leptin —0.511 NS
Cord ferritin 0.11 NS
Placental TNF-a  —1.444 NS
Placental IL-10 —0.09 NS
Secundigravid 13 PM™* Cord leptin 0.277 NS
Cord ferritin —0.459 NS
Placental TNF-«a 0.169 NS
Placental IL-10 0.009 NS

“ NS, not significant.

® For multigravid PM™ women with no detectable IFN-y there were not
enough cases to perform an analysis (n = 4).

of malaria transmission is high, like Muheza, where LBW due
to PM is mainly a problem of first-time mothers, this primi-
gravid-specific association is consistent with the epidemiology
of poor outcomes. The relationship between inflammation and
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LBW was also restricted to first-time mothers in an area of
Kenya where the rate of transmission is high (12).

This is the first study to suggest that fetal ferritin levels may
play a protective role in intrauterine growth during PM epi-
sodes. In a previous study in Malawi, increased cord blood
ferritin levels were associated with lower birth weight during
PM (2), but in that study there were important differences that
may explain the discordant findings. The Malawi study in-
volved a small cohort consisting of 32 PM* mother-newborn
pairs, and the analyses were not stratified by parity. In an
unstratified analysis of our Tanzanian data, we did not observe
a relationship between cord blood ferritin and birth weight.

In the United States, giving iron supplements to pregnant
women has been shown to increase birth weight without an
effect on maternal hemoglobin or maternal iron stores (7),
suggesting that an increased amount of iron transferred to the
fetus may have direct benefits for weight. The level of cord
blood ferritin may reflect a similar process in our cohort, in-
dicating either increased maternal-fetal transfer or increased
fetal iron stores with attendant benefits for birth weight. How-
ever, ferritin levels were related to improved outcomes only in
the groups in which placental IFN-y or TNF-a had a negative
effect on birth weight, suggesting that ferritin may specifically
counteract the deleterious effects of placental inflammation.

Hepatocytes and immune cells are known to be sources of
plasma ferritin, and plasma ferritin levels increase during in-
flammation and decrease during iron deficiency. In our cohort,
the cord levels of ferritin and the inflammatory marker CRP
were not related, suggesting that changes in ferritin levels were
not due to systemic inflammation of the fetus. Ferritin is also
actively expressed by the placenta. Immunolocalization studies
suggested that there is abundant ferritin production in the
placental stroma but that ferritin is also detectable in the
endothelium of fetal vessels within the placenta (4). The abun-
dance and localization of ferritin in placental tissue during PM
have not been studied previously but are of interest because of
the association of cord ferritin levels with increased birth
weight in this study.

Cord blood leptin was positively associated with birth weight
in PM™ mothers but not in PM™* mothers. During pregnancy,
the human placenta (40) and other fetal tissues, including
adipose, heart, and liver tissues (15), produce leptin. Cord
blood leptin levels correlate with fetal size (20, 27), and both
placental and fetal leptin levels are decreased in pregnancies
complicated by fetal growth retardation (18, 39). However, PM
appears to disrupt the relationship between cord leptin and
birth weight. This may indicate that leptin plays additional
roles during PM, and further study is warranted.

In summary, PM increases inflammatory cytokine levels in
placental and maternal peripheral blood but not in fetal blood.
Second-time mothers are distinct because their placental levels
of inflammatory cytokines do not increase during PM. Inflam-
matory cytokines in the placenta are associated with poor out-
comes during PM, and this relationship is limited to first preg-
nancies, consistent with the epidemiology of PM and disease.
In first-time mothers, placental IFN-vy is associated with de-
creased birth weight, while cord ferritin is associated with in-
creased birth weight, suggesting that fetal responses to infec-
tion may play a key role in the pathogenesis of malaria-related
LBW. Future studies should localize and quantify IFN-y and
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ferritin expression by cell subsets in the placenta and relate the
measurements to outcomes, including birth weight during PM
episodes.
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