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Abstract

Maternal antibodies transported across the placenta protect the newborn. Maternal immunoglobulin G (IgG) concentrations in fetal
blood increase from early in the second trimester through term, most antibodies being acquired during the third trimester. IgG1 is the most
efficiently transported subclass and IgG2 the least. Transfer across the syncytiotrophoblast of the chorionic villi is mediated by the neonatal
Fc receptor, FcRn. Immune complexes are absorbed in the stroma of the villi, probablyRY; FcyRIl, and FeyRIll on placental
macrophages. The mechanism of IgG transport across the endothelium of fetal capillaries is not understood. Endothelial cells in terminal
villiexpress Fg/RIIb. However, it is not known whether this receptor transports IgG or prevents transport ofimmune complexes to the fetus.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction at different gestational ages. These include measurements of
total IgG, of subclasses of IgG, and of antibodies of partic-
If maternal immunization is to protect the newborn, a pro- ular specificities for antigen. In fewer studies the transport
tective level of specific IgG must be present in the mother’'s of exogenous antibodies has been measured.
blood at a time when it can be transferred to the fetus (if  Very little maternofetal transfer of radiolabeled 1gG was
the antibody is poorly transported, the maternal level must detected at around 12 weeks gestation (ViiG) Consistent
exceed the protective level). The more specific IgG the fe- with this, very little IgG is present in the villous stroma of
tus receives above the protective level, the longer a protec-placentas at 8-10 W(2]. Because most IgG in fetal blood
tive level will be maintained after birth. The time period in is maternal in origir{3], its concentration reflects transport
which maternal immunization is effective depends on the from the mother. Fetal IgG remains low until the second
timing of the mother’s immune response to the vaccine, and trimester[4-9].
also the timing of maternal—fetal IgG transport. The mater-  Studies by Gitlin and coworkers revealed a rise in fetal
nal response is influenced by the vaccine and vaccinationlgG levels in the second half of the second trime$4e5].
protocol and by the mother’s health and immunologic his- These studies showed a sharp increase between 22 and 26
tory, and will not be considered here. The timing of the WG. However, subsequent studies have shown a smooth rise
transmission of maternal IgG to the fetus will be discussed. in fetal IgG from the earliest ages examined (13-18 WG,
What is known of the mechanism of 1gG transport and the [6—9]). The discrepancy may have arisen because the earlier
limited extent to which this explains its timing will also be studies did not include fetuses between 22 and 26 WG, and
considered. used different ways of estimating gestational age up to 22
WG and from 26 WG. Malek and coworkers obtained a
large number of second trimester sera by cordocenf@kis
2. Timing of 1gG transport They found an average increase in fetal IgG concentration
from 14 £ 0.7¢g/l at 17-22 WG (approximately 10% of

Two types of study have addressed the development ofthe matermal concentration) togat 1.1 g/l at 28-32 weeks
the capacity to transmit IgG from mother to fetus. Most of (a@pproximately 50% of maternal). Fetal IgG levels continue
the information comes from measurements of the concen-t0 increase during the third trimest 10-12] Indeed, the

trations of endogenous antibodies in maternal and fetal serafate of increase in fetal IgG concentration between 29 and 41
WG is roughly double than seen between 17 and 28 weeks

* Tel.: +1-781-736-4952; faxi1-781-736-2405. [9]. At term, fetal IgG typically somewhat exceeds maternal
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3. Subclass differences from mother to fetus in micg28]. Despite the differences
in placentation, these observations raised the possibility that

The levels of the four subclasses of human IgG in cord FCRn might also function in 1gG transport to the human
blood have been extensively investigated. Particular attentionfetus. The gene encoding thechain of mouse FcRn maps
has been paid to 1gG2, which is often detected in lower to a chromosome region syntenic with human chromosome
amounts in serum from cord blood than maternal blood, and 19 [27]. This study lead to the cloning from a chromosome
to IgG1, which is generally found to be more abundant in 19-specific library of the human ortholog[#9], a fragment
cord than in maternal samples. of which was used to clone human Fclkknchain cDNA

An early study reported cord IgG2 in only trace amounts, from a term placental librarj80]. FcRn was subsequently
in contrast to the other subclasses, which approximately detected in placental membrarj@s] and purified from them

equaled those of the mother in abundafit®]. However, [32].
subsequent work has shown substantial amounts of cord The localization of FcRn within the placenta has been
IgG2. These concentrations are genergdl®,11,12,16-18] investigated by in situ hybridization and immunohistochem-

but not alwayg10,19-23] lower than the mothers’. Intwo  istry. FCRn mRNA is present in syncytiotrophoblast and
recent studies by Malek and coworkers fetal IgG2 was at some stromal cells in first trimester and term placentas, but
approximately 60% of the maternal level at tejonl2]. not in capillary endotheliuni31]. FcRna chain is readily
Changes in the fetal concentrations of the 1gG subclassesdetected in syncytiotrophoblast of first trimesf8d] and
with gestational age have been followed using sera obtainedterm placentag31-33] The $2-microglobulin subunit of
after termination of pregnancy, from preterm newborns and FCRn is also present in syncytiotrophobl§3#,35] The
by cordocentesis. Fetal IgG1 exceeds the other subclasses ifflentification of an 1gG transporting protein in the first
concentration from the earliest ag8s-10,12,17,18]Malek cellular barrier between the maternal and fetal circulation
and coworkers found that the 1gG1:1gG2 ratio at 17-22 WG suggested that FcRn mediated maternofetal transport of
already exceeds that in maternal blo@]. This suggests 1gG. This is strongly supported by the observation of Ward
that 1IgG1 begins to be transported before IgG2 or that IgG1 and coworkers that Fc mutated in a way that decreases its
is preferred to IgG2 in the transport process. The rates of in- binding to FcRn is markedly impaired in its transmission
crease in the fetal:maternal ratios of IgG1, 1gG3, and IgG4 from the maternal to the fetal circuit in a perfused placental
accelerate in the third trimester, whereas that of IgG2 doessystem[36].
not[9]. Excess fetal IyG1 above the maternal concentration A complication arises because human FcRn does not bind
accounts for most of the excess in total IgG normally found 1gG at neutral pH30], and therefore would not bind 1gG at
at term. Small-for-gestational age newborns have lower the pH of maternal blood. Rather, it binds at mildly acidic pH
IgG concentrations than appropriate-for-gestational age like the FcRn in the yolk sac endoderm of r§$], which

newborns of the same gestational &84]. This is largely, is the site of prenatal transport of IgG in that spe¢ig.

although not wholly, due to lower levels of 1gG17,18] In the yolk sac most FcRn is found in cytoplasmic vesicles
IgG4 levels are very variable (e.§18]), and in some  [26]. Rodewald and coworkers suggested that these vesicles

studies exceed maternal levels at td&h might be acidified endosomes, which could represent the

initial binding site of IgG and FcRif26]. Contractor and
coworkers drew upon observations that the optimal pH for
4. Pathway of 1gG transport binding 19G to human trophoblast membranes was below
6.5[38,39]to suggest that IgG might bind its, then uniden-
IgG is transported from mother to fetus across the pla- tified, placental receptor in endosonid®]. After the dis-
centa[1]. During the third trimester, transported IgG crosses covery of FcRn in human placenfa0], it has been widely
the syncytiotrophoblast covering the chorionic villi and the accepted that IgG binds FcRn in early endosomes within the
endothelium of fetal capillaries within the villi. These cell syncytiotrophoblast. Although it seems very likely, it is not
layers are separated by their basal laminas, and in some reyet known whether FcRn is located in early endosomes in
gions by the connective tissue of the stroma (reviewed in syncytiotrophoblast.
[25]). Several studies show IgG in tubulovesicular structures
in the syncytiotrophoblast, which may be early endosomes
[40-43] The mechanism of IgG uptake into endosomes is

5. 19G receptorsin barrier tissues not known. A fluid phase marker, horseradish peroxidase,
enters tubulovesicular structures along with IB]. Be-
5.1. Syncytiotrophoblast cause of the high concentration of IgG in maternal blood it

is attractive to suppose that IgG can enter in the fluid phase

There is compelling evidence that the MHC class I-related and go to endosomes that way. It remains possible that other

Fc receptor, FcRn, mediates the transmission of IgG acrossproteins in the syncytiotrophoblast plasma membrane carry

the syncytiotrophoblast. FcRn is expressed in rat and mouselgG from the cell surface to endosomes, although no strong
yolk sac[26,27]and is required for the transmission of IgG candidates have been identified (revieweddit]).
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Wherever FcRn first binds IgG and however IgG gets villous trees and is expressed in umbilical vein endothelium
there, the function of FcRn is to carry IgG into a vesicu- [67]. Antohe et al. found FcRn in an endothelial cell line
lar pathway to the plasma membrane, avoiding lysosomal established from placental vil[68]. However, these cells
degradation. The extent to which IgG is broken down dur- do not express R&RIl and so probably represent the en-
ing transport is controversial. During transport from the dothelium of the stem villus rather than the terminal villus
maternal to the fetal circuit of perfused placental lobules [67,69](see below). Because FcRn is expressed in capillary
most radioiodinated IgG is degraddd5], whereas no  endothelia in some tissu¢g0], its absence from terminal
degradation of unlabeled 1gG is detectgtb]. Because villi requires explanation. FcRn in capillary endothelia is
denaturation during radiolabeling may increase the suscep-thought to protect IgG from catabolisfiil—73] It is pos-
tibility of IgG to degradation, the latter result may better sible that if FCRn were expressed in terminal villi it would
represent transport in vivo. FcRn would release IgG at a carry IgG from the capillaries to the stroma and thus hinder
plasma membrane exposed to intercellular fluid of neutral transport to the fetus.
pH. IgG released at the basal membrane of the syncy- The only known Fc receptor consistently detected in
tiotrophoblast passes through the basal lamina. Within theterminal villous vessel endothelium at term isyRdl
terminal villi are vasculosyncytial zones in which sinusoids [43,53-56] Lang et al. noted a gradient of expression with
of fetal capillaries lie adjacent to the syncytiotrophoblast, high FeyRIl in villous endothelium and none in umbilical
separated only by their basal laminas. In these regions IgGveil endothelium[69]. Anderson and coworkers identified
may pass from the syncytiotrophoblast to the fetal vessel the type of FgRIl as FeyRIIb2 [67]. In the absence of
endothelium without exposure to stromal cells. In contrast, other candidates, it is tempting to ascribe a role in IgG
in intermediate and stem villi, IgG percolates through the transport to FgRIIb. This hypothesis is attractive because

stroma before reaching the blood vessels. complexes of IgG2, the least efficiently transported sub-
class (above), are bound least strongly byRi. However,
5.2. Sroma there are two problems in understanding howRE might

transport of IgG across the endothelium. First;yRtb

IgG is readily detectable in the stronjé7], some of it has no detectable affinity for monomeric I¢&7]. Second,
as immune complexgd8]. The stroma contains fibroblasts FcyRIllb has a higher affinity for complexes of IgG3 than
and macrophages. Unlike syncytiotrophoblast, stromal cells complexes of 1gG474], a preference that is not reflected
express class | HLA moleculgg9], including paternally in the transport of these subclasses to the fetus. It therefore
inherited allotypes. Stromal absorption of maternal antibod- seems more likely that RRIlb prevents transmission of
ies against paternal HLA and also of immune complexes immune complexes into the fetal circulation.
impairs their transmission to the fet(is0,51] (reviewed
in [52]). Stromal macrophages contaimfRl, FcyRIl and
FcyRIIl [53-56] FeyRIl binds immune complexes but does 6. Concluding remarks
not bind monomeric IgG detectab[$7]. Both the a and

b isoforms of FgRIIl bind immune complexefs8,59] but In conclusion, the timing of maternofetal IgG transport
only FeyRIlla binds monomeric 1gG59,60] FcyRI binds in the light of what we know of its mechanism will be con-
immune complexes and also monomeric I&], which it sidered. During the first trimester of pregnancy, very little

can recycld62]. Intestinal macrophages have recently been 1gG is transported to the fetdiS]. 1gG is present within the
shown to express FcH6A3]. However, FcRn is not detected  syncytiotrophoblast late in the first trimest@]. FcRn is

in stromal macrophages at tef®1-33] The Fc receptors  expressed in the syncytiotrophoblast by this tifa&], and

on stromal cells could sequester immune complexes, but notmay protect IgG from intracellular degradation. At this stage

prevent monomeric IgG reaching fetal capillaries. of development, the syncytiotrophoblast covers a continuous
cytotrophoblast layer. Cytotrophoblast cells neither express
5.3. Fetal vessel endothelium FcRn [31], nor contain IgG[2], and may prevent further

penetration of the villi by 1g32]. As gestation progresses,
The human placental endothelium is relatively tight (re- the syncytiotrophoblast expands and the cytotrophoblast be-
viewed in[64]). IgG crosses the fetal vessel endothelium by comes increasingly discontinuo[i&]. These processes in-
a transcellular route, and not by a paracellular route betweencrease the surface area for IgG uptake from maternal blood
endothelial cell§40,42,43] Endothelial cells bind immune  and also allow access to the fetal vessel endothelium.
complexeg65,66], perhaps preventing their transmission to It is not known how 1gG crosses the endothelium. Im-
the fetug[51]. FcRn mRNA is not detected in villous capil- munolocalization of FgRII in endothelial cells during the

lary endothelium by in situ hybridizatid@1]. Similarly, im- first trimester have given both positij43] and negative re-
munohistochemical studies have generally not found FcRn sults[55,56] Messenger RNA encoding fRllb is detected
a chain in terminal villous capillary endotheliufi31,67], only after 20 WG[76], but this isoform is present through
although occasional staining has been repof83j. FcRn term[67] and so is available during the period of maximal

appears to be present in endothelial cells further down thelgG transport. However, it remains to be discovered whether
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it mediates transport of monomeric IgG or prevents trans- [19] Morell A, Skvaril F, Hitzig WH, Barandum S. IgG subclasses:

port of immune complexes. development of the serum concentrations in “normal” infants and

children. J Pediatr 1972;80:960—4.
[20] Virella G, Amélia Silveira Nunes M, Tamagnini G. Placental transfer
of human 1gG subclasses. Clin Exp Immunol 1972;10:475-8.
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