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sFit1 and sEng were elevated (18,107 pg/ml and 19.4 pg/ml, respectively). Maternal sera from
recurrent infection 7 had elevated sFlt1 (14,816 pg/ml) and sEng (20.3 pg/ml). cmvIL-10 was

detected in maternal and cord sera from IUGR cases 2, 3 and 186, in accord with viral E

replication.

Next, we considered whether HCMV-infected endothelial cells fromf_the u b/ijicél cord

could secrete the cytokines detected in utero. For these experiments, HUVE ere infected

with VR1814, and sFit1, PIGF and cmviL-10 levels were measureq‘:iri:’f sFt1 increased
modestly, whereas PIGF (Supplemental Fig. 3) and sEng declineg (datanot shown), in accord
with decreased surface expression of Eng in infected HUVE ‘ [29]0 vIL-10 increased

throughout the course of viral replication, reaching the‘?’hig st level at 6 days (Supplemental

Fig. 3).

DISCUSSION

Although recognized as a viraly_ckéiﬂéewqf IUGR, congenital HCMV infection is seldom

diagnosed in affected newborns w:thou othi r 'clinical symptoms [2]. Here we assessed the

serological status of women;who"" S}gred infants with idiopathic IUGR (group C) and found 5
cases with underlying primary;gr"’“r’ec:urrent infection with placental pathology, including impaired

development (Tablesj n ‘,,;l“r’hmunostaining for infected cell proteins revealed that virus

replicates in smooth éc{(-:ﬂ cells of arteries and veins in floating villi and the chorion. HCMV

proteins in vesicles of amniotic epithelial cells was taken as evidence of transmission and fetal

infection. Nonetheless, accumulation of viral proteins in cytoplasmic vesicles suggested virions

rom amniotic fluid and replication was suppressed, which could reduce
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Considering pathology, large fibrinoids with many avascular villi and edematous villi,

which could impair transport functions, and leukocytic infiltration at the basal plate, suggesting

inflammation, were the most prominent features in IUGR placentas (Table 2). For pnmary*

infection case 16 with transmission, HCMV DNA was detected in the placenta, vnralfrephc clyon

was sustained in blood vessels of villi and chorion and cmviL-10 was present in C|rculatlon For

primary infection case 12 with transmission, impaired cytotrophoblast dlfferentlatlon (cell

islands), hypoxia (Tenney-Parker changes) and dilated blood vessels gge ed pnmary

infection exacerbated by maternal preeclampsia with elevated sFlt‘]"’ é‘hd? Eng contribute to

dysfunction [27, 30]. Extensive edema, also associated with IUGR, wa eVident in recurrent

infection cases 2 and 3. In addition, cord sera contained ext élyﬁ(é!e@ated sFlt1, which inhibits

functions of VEGF and PIGF and is associated with hypox' ' asfreported for amniotic fluid from
untreated (i.e., without HIG therapy) primary congenltal HC‘MV infection [13]. In contrast,
placentas 4, 7 and 10 from asymptomatic recur nt fection did not differ from seronegative

controls in prevalence of fibrinoids, mﬂammatlo ‘edema or levels of anti-angiogenic factors in

sera (data not shown). The results mdy;cate;;hat high-avidity IgG with neutralizing activity has the

potential to reduce infection—assogi‘atea‘ athglogy in the placenta. However, understanding the

mechanisms by which recurrent mfechon leads to pathology could benefit from knowing whether

reinfection occurred.

In cases of §%il,lb’ifth ssociated with congenital HCMV infection, decreased exchange

capacity of pla knfés*’\”/,ylth/ progressive fetal thrombotic vasculopathy was identified as the

prominent histological abnormality [31-33]. Avascular villi increase the occurrence of IUGR [34]

and can 0 major thrombotic events and death in fetuses older than 34 weeks. In cases of
acute HCMV infection, arterial and venous thrombosis occurs independently from other risk
factors i35]. Albeit infrequently, viral antigens and DNA have been detected in adult human

arterial smooth muscle cells [36] and vessels from coronary artery disease [37, 38]. Moreover,
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HCMV replicates in smooth muscle cells from human umbilical arteries in vitro [39]. Here we
discovered a pattern of viral replication in smooth muscle cells of arteries and veins in cases of
primary infection, which indicates stepwise transmission from infected cytotrophoblasts to vmous
blood vessels, the chorion and fetal circulation [8, 12]. Although transmission occurred in 3 of 5
fetuses from group B asymptomatic recurrent infection, the placental vasculature was not )

affected. Transmission rates are 30% and 38% when seroconversion occurs in T“ rst and second

trimester, respectively, and frequently leads to disease [4, 40, 41]. Althg; ‘ha; F,r,;:,,sm|ssnon is

higher (72%) in third trimester, infected babies are usually asymptomiétié like IUGR cases 16

and 12, with primary infection, viral DNA was not detected in placenta ‘ro‘m asymptomatic

recurrent infection 4, 7 and 10, suggesting transmission ma ve:;o urred late in gestation.

These findings show that high-avidity, neutralizing IgG . red ces HCMV replication and

subsequently protects the developing placenta from i mation and associated damage [9,

10, 12].

Amniotic epithelial cells of feta mém ranes represent the first line of defense against

intra-amniotic bacteria and respond. to path_ )ens through the function of toll-like receptors

(TLRs) [42], key regulators of mnate i mune defense [43] that inhibit bacterial growth [44]. In

spontaneous labor at term and in reterm parturition associated with chorioamnionitis, TLR2

and TLR4 are upregul yed"' amniotic epithelium [45]. In primary and recurrent HCMV

infection, we observed eéiCIes ontaining viral antigens near the apical membranes of epithelial

cells, suggesting; viri ptake from amniotic fluid (Fig. 5). We recently discovered similar

patterns bylmmun staining the amnion from two cases of primary maternal infection with

osﬁﬁve amniotic fluid that confirms virus transmission (unpublished observations).

jard to innate immunity, HCMV gB and gH display determinants recognized by TLR2

with Wthh they directly interact, inhibiting inflammatory cytokine responses to infection in vitro

[46]. Whether this pathway protects the amniotic epithelium from virus replication remains to be
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determined. Infection with bacterial pathogens could cause additional complications leading to
inflammation [10, 11]. Amniotic epithelial cells could also express IgG receptors that could

internalize antibody-virion complexes [47]. In this regard, we measured HCMV—speciﬁc{iyé‘é,j‘n

amniotic fluid from seropositive mothers and confirmed that amniotic epithelial cell
neonatal Fc receptor, TLR2 and TLR4 in vitro (unpublished observations), sug
molecules could contribute to virion clearance, reduce inflammation and delay-the rupture of

fetal membranes.

In conclusion, analysis of biopsy specimens revealed crucial mformation about

congenital HCMV infection, involvement of placental blood ve “ek,!gih"tﬁtansmission and viral

proteins in amniotic epithelial cells, providing further evide ¢e~\of,feta| infection. Our findings

(two cases) indicate that primary infection impa gyl,;‘,dévelopment and leads to IUGR

and virus transmission (Tables 1 and 2). In t infection (eight cases), five babies were
asymptomatic, even though virus transmission‘bccurred (three cases) (Table 1, group B).

However, three others had IUGR, a placental defect without virus transmission (Tables 1 and 2,

group C). Our detailed analysis shows that hlgh avidity, HCMV-neutralizing 1gG reduces viral

replication in the placental-fetal unltvbut -may not preclude transmission [13, 14, 48-50] and

suggests antibody treatment n erlts consideration in the clinical management of primary

maternal infection.
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Figure Legends

Figure 1. Pathology in placentas from cases of IUGR. (A) Necrotic, avascular villi embeddedm

large fibrinoids, case 16. (B) No large fibrinoids in seronegative control. (C) Edema

basal plate and decidua, case 16. (F) Increased diameter of villous bloqq vssel

K7). Scale bars

25-50, or >50 villi) determined. Results sho

size class per field (10x objective, ~1 mn

14 and 37 fields (10x objective, representing ~1 mm?) were examined.
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Figure 3. HCMV infected cells in the basal plate of primary and recurrent infections detected by
immunohistochemistry. (A) Low power image of a site within the basal plate containing

cytotrophoblasts (CTBs) that express HCMV infected cell proteins. (B and inset) High power

image of area indicated in A (rectangle) showing infected cell proteins in the cytoplaéh'i 0

invasive CTBs. (C) Infected cells in a lymphatic vessel in the decidua. Signal was d‘ef( 'Cted:ﬁin

cytoplasm (upper inset) and nuclei (lower inset) of infected cells at the luminal

enyplasm and

HCMV proteins in cells at the luminal face of an endometrial gland detegte i
nuclei. (E) Section adjacent to that in D shows cytokeratin 7 (CK7). Scal béfrs A=200pum, B =

20 ym, C= 50 ym, D-E = 100 ym.

horlon detected by immunohistochemistry in

Figure 4. HCMV infected cells in blood vessels

a case of IUGR with primary infection. HCMV proteins leﬂ panels) and smooth muscle (SM)

myosin heavy chain (right panels) stained in 'pa

le sections. (A and B) Adjacent sections

showing HCMV proteins in smooth muscle cells surroundlng an artery in the chorion of placenta

of IUGR case 16. (C and D) Adjacent s ctl‘ons showing absence of viral proteins in smooth

muscle cells surrounding an artery in the chorionic plate of placenta #3. (E and F) Parallel

sections showing HCMV p teins 'nyk,;smooth muscle cells surrounding a vein in the chorionic

plate of placenta #16. (G nd H) Adjacent sections showing absence of viral proteins in smooth

muscle cells surrounj : avein'in the chorionic plate of placenta #2. Scale bars in B = 200 um

for A-D. Scale b

proteins accumulated in cytoplasmic vesicles of amniotic epithelial cells in placentas from

primary and recurrent infections (A-G) but not in a seronegative control (H). (G) Grazing section
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across amniotic epithelial cells revealing the highly vesicular nature of the signal. Scale bar in E

=25 um for A-C, E, F, and H. Scale bar in D = 25 uym. Scale barin G =15 ym.
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Table 1

T d
Group PT | WT | GA | Sera | AV?® | IgG1° Neut Neut HCMV HCMV
HUVEC HPF Immunoblot Serostatus
8 3310 39 M Neg 4.76 <1:8 <1:8 Neg Seronegative
C Neg 6.05 <1:8 <1:8 Neg
A 15 3360 37 M Neg 4.40 <1:8 <1:8 Neg Seronegative
Controls C Neg 4.74 <1:8 <1:8 Neg
6 3160 39 M 67.3 2.28 >1:1024 1:128 p150, CM2, gB1, gB2. - “Long past
C 73.7 4.76 >1:1024 1:128 p150, CM2, gB1 gBZ‘};
9 3940 39 M 58.5 3.40 1:512 1:64 p150, CM2, gB1gB2 Long past
C 69.3 8.36 1:512 1:64 p150, CM2, gB1, gB
1 3220 39 M 495 4.58 1:128 1:32 IE1, p15(,)_,w;265,}'gl§m1 Recurrent
Cc 62.5 1.14 1:128 <1:64 IE1, p150, p85, gB1
B 1 3810 41 M NT NT NT NT ~NT Recurrent
. C 59.2 6.16 1:512 NT IE1, p150, CM2, gB1
Asymptomatic -
4 4050 39 M NT NT NT NT . N Recurrent
Infection c 447 5.51 1:512 NT I «1,3,p15,o,*pes, gB1, gB2
7 4420 39 M 56.1 448 >1:1024 1:128 - IE1, p1§Q;~CM2, p65, gB1, gB2 Recurrent
o] 71.2 6.63 >1:1024 1:28 1B 50, CM2, p65, gB1, gB2
10 4300 M NT NT NT . NT Recurrent
Cc 84.9 >1:1024 IE1, p150, CM2, p65, gB1, gB2
20 2353 M 3 Neg Seronegative
c Neg
14 2459 M p150, gB1, gB2 Long past
C p150, gB1, gB2
18 2370 M IE1, p150, CM2, p65, gB1 Recurrent
c C [E1, p150, CM2, p65, gB1
IUGR 2 2822 M p150, CM2, p65, gB1, gB2 Recurrent
C p150, CM2, p65, gB1, gB2
3 1847 M IE1, p150, CM2, gB1, gB2 Recurrent
Cc IE1, p150, CM2, gB1, gB2
16 2160 M IE1, p150, CM2, p65, gB1 Primary
>1:32 IE1, p150, CM2, p65, gB1
12 1450 NT IE1, CM2, p65 Primary
NT IE1, CM2, p65
13 2920 <1:8 Neg Seronegative
D <1:8 Neg
Preeclampsia | 17 | 3442 <18 Neg Seronegative
. Neg
NT Long past

p150, gB1, gB2

° Neutralization titers D50 in VR1814-infected HUVEC and HPF.

4HCMV Recomblot IgG (Mikrogen).
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Table 2

sFlt PIGF sEng | cmv . .
Group PT | Sera (pg/ml) | (pg/ml) | (pg/ml) | IL-10 HCMV Infection, Hypoxia and Pathology
M NT NT NT
4 Infected cell proteins in amniotic epithelium.
B C | 608 | NT | 44 .
Asymptomatic M 14,816 193 20.3 Infected cell proteinsiin §ynC¥tiotr§bhoblasts
Recurrent 7 and amniotic epithelium. Edema and dilated
Infection C 895 1.4 3.3 blood vessels.
M NT NT NT Infected cell prqt,éfﬁs i decidual glands and
10 amniotic epithelium. S me leukocytic
C 705 9.4 3.7 infiltration. == ¢
M 524 53 5.3 :
18 Infected cell ins in decidual glands.
C 281 8.0 6.2
M 2 494 888 5.9 . ’,}I:ﬁfect(gd cell proteins in interstitial CTBs and
' decidual glands. Considerable edema,
2 ‘inoid-embedded avascular villi, leukocytic
C |180,992 | 572 1.3 ltration, T-P changes®. HCMV DNA
letected by nested PCR.
M 2163 376 Considerable edema, variable leukocytic
c 3 ’ infiltration, few fibrinoid-embedded avascular
| villi, dilated blood vessels. HCMV DNA
|UG:< C |250,306 | 103 204 | *+ | detected by nested PCR.
wit
Primary or - HCMV DNA quantified in biopsies (5.0 x 10°
Recurrent M 15,157 50.3 '{1:3.'3 + genome copies/g). Infected cell proteins in
Infection decidual glands, biood vessels in floating villi,

arteries and veins in chorion and amniotic
epithelium. Many large-size fibrinoid-
embedded avascular villi. T-P changes?, cell
islands®. Considerable leukocytic infiltration.
Infected interstitial CTBs.

Infected cell proteins in decidual glands,
blood vessels in floating villi and amniotic
epithelium. Moderate-size fibrinoid-
embedded avascular villi, dilated blood
vessels, T-P changes®, cell islands b,
Leukocytic infiltration. Infected interstitial
CTBs. Preeclampsia.

M, matérpé
® Tenney-
® Cytotroph

ord; NT, not tested.
ker (T-P) changes.
oblast (CTB), cell islands.
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