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was given during gestation including organogenesis, revealed that
NaF affected development, but was not teratogenic.

7. Formic acid (FA)

FA is a colorless gas with a pungent and penetrating odor [70].
Exposure to FA can occur through inhalation, ingestion, and contact
via the eyes or skin. The primary physiological characteristic of FA
is anirritating action on the mucous membrane, eyes and skin {71].

ATLV-TWA of 5 ppm, TLV-STEL of 10 ppm {71}, IDLH of 30 ppm
{70} and OEL of 5 ppm [23] are recommended for FA (Table 1).

FA was dysmorphogenic and developmentally toxic to rat and
mouse embryos in a whole embryo culture system [72]. No report
is available on the reproductive and developmental toxicity of FA
in vivo,

8. Discussion and conclusions

In this paper, we summarized the reproductive and develop-
mental toxicity of degradation products of refrigerants, including
TFA, CO3, CO, CF, HF and FA, in experimental animals. The risk
assessment of chemicals is difficult because there are many vari-
ables in the manifestation of reproductive and developmental
toxicity. However, confirmation of adverse effects on reproduc-
tion and development in animals exposed by the anticipated route
of human exposure would be important for risk assessment in
humans.

Excessive exposure to CO; in humans is well reported, but there
is a lack of informnation on reproductive and developmental toxicity
[73]. In experimental animals, excessive CO, in the atmosphere is
testicular and reproductive toxic, embryolethal, developmentally
neurotoxic and teratogenic. The data for these animal studies sug-
gest the adverse effects of CO, on reproduction and development
to be due to a secondary effect such as acidosis, increased blood
flow or increased oxygen tension.

Although human studies on CO are limited, developmental tox-
icity has mainly been confined to the central nervous system [74].
The inhalation of CO has not proved to be consistently terato-
genic in animals, and only very early studies in rats and guinea
pigs reported congenital malformations: more recent studies have
not [74,75]. Studies in several species of animals showed that
maternal exposure to CO cause prenatal and postnatal lethality
and growth retardation, increased incidence of skeletal variations,
cardiomegaly, blood biochemical changes, immunological changes,
postnatal behavioral changes, and neurological impairment in off-
spring of exposed dams. Some of these changes in fetuses and pups
were detected at levels which did not cause maternal toxic effects.
Even at levels as low as 60-65 ppm, maternal exposure to CO can
cause cardiomegaly and delayed reflex ontogeny in rat offspring.
COHBb levels in fetuses and pups increase to above the levels in the
maternal circulation after maternal CO exposure. A further decrease
in oxygen tension due to the presence of COHb could have poten-
tially serious effects in fetuses with a lower oxygen tension, and
increased COHb levels could have hypoxic effects in newborn pups
with a high rate of oxygen consumption and lower oxygen trans-
port capacity for hemoglobin [31]. These phenomena indicate that
fetuses and pups are susceptible to CO exposure. Further studies
are therefore required to evaluate the adverse effects of chronic
exposure to low and near ambient levels of CO on the development
of fetuses and newborn pups.

Little information is available on the toxicity of CF and HF. How-
ever, the results of toxicological studies on NaF have been used to
obtain insight into the toxicity of CF and HF, because CF is rapidly
hydrolyzed in contact with water and yields CO; and HF [48,49]
and NaF is similar in kinetics and dynamics to HF. Developmental

toxicity studies, in which NaF was administered to rats and rabbits
during gestation including organogenesis, revealed an increased
incidence of fetal skeletal variations, but not fetal malformations.
Rat multiple-generation toxicity studies revealed that NaF retarded
ossification in F, fetuses, caused degenerative changes in the lung
and kidney of F, male offspring, but had no adverse effects on
parameters for reproductive toxicity including testicular or sperm
toxicity. There is a discrepancy in testicular and sperm toxicity
between regimens of NaF. Testicular and sperm toxicity was noted
when NaF was directly given to young or adult rats. The efficiency
of sperm production and epididymal sperm reserves of humans
are considerably lower than those of experimental animal models
[76]. 1t is also noted that human males have relatively low fertility
and thus may be at greater risk from reproductive toxicants than
experimental animals [77]. Furthermore, male rodents produce
sperm in numbers that greatly exceed the minimum requirement
for fertility while sperm production in human males appears to be
closer to the infertility threshold, therefore a less severe reduction
in sperm counts may affect male fertility {78). These considera-
tions suggest that definitive animal studies of chemicals suspected
of having testicular and sperm toxicity are needed to assess the
risk to reproduction in human males. Further histopathological
studies of reproductive organs given NaF could help us to under-
stand the reproductive toxicity of NaF, because histopathology is
acknowledged as the most sensitive endpoint for detecting testic-
ular toxicity [79].

There is a lack of information on the toxicity of TFA and FA.

Evidence from human studies is preferred for risk assessment as
long as itis obtained humanely. It is sometimes claimed that the use
of animal data for estimating human risk does not provide strong
scientific support. However, a continuance of studies in experimen-
tal animals is required for risk assessment of chemicals because it
is difficult to find alternative methods to test the direct toxic effects
of chemicals.
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malformations and to understand the molecular mechanisms underlying thalidomide teratogenicity in
cynomolgus monkeys. Cynomolgus monkeys were orally administered thalidomide at 15 or 20 mg/kg-d
on days 26-28 of gestation, and fetuses were examined on day 100-102 of gestation. Limb defects such as
micromelia/amelia, paw/foot hyperflexion, polydactyly, syndactyly, and brachydactyly were observed in
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each were obtained from the thalidomide-treated and control groups. Total RNA was isolated from indi-
vidual embryos, amplified to biotinylated cRNA and hybridized to a custom Non-Human Primate (NHP)
GeneChip® Array. Altered genes were clustered into genes that were up-regulated (1281 genes) and
down-regulated (1081 genes) in thalidomide-exposed embryos. Functional annotation by Gene Ontol-
ogy (GO) categories revealed up-regulation of actin cytoskeletal remodeling and insulin signaling, and
down-regulation of pathways for vasculature development and the inflammatory response. These find-
ings show that thalidomide exposure perturbs a general program of morphoregulatory processes in the
monkey embryo. Bioinformatics analysis of the embryonic transcriptome following maternal thalidomide
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revealed some novel processes that can help unravel the mechanism of this important developmental
phenotype.

Received in revised form 3 September 2009
Accepted 4 September 2009
Available online 12 September 2009

Keywords:

Thalidomide
Teratogenicity

Fetal malformation
Gene expression profile
Embryo

Cynomolgus monkey

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Thalidomide (a-phthalimidoglutarimide) was synthesized in
West Germany in 1953 by the Chemie Griinenthal pharmaceu-
tical firm, and was marketed from October 1957 into the early
1960s. It was used for treating nausea and vomiting late during
pregnancy and was also said to be effective against influenza. The
first case of the phocomelia defect, although not recognized at
the time as drug-related, was presented by a German scientist

* Disclaimer: The U.S. EPA, through its Office of Research and Development col-
laborated in the research described here. It has been subjected to agency review
and approved for publication. The authors declare they have no competing financial
interests.
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E-mail address: ema@nihs.go.jp (M. Ema).

0890-6238/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.reprotox.2009.09.003

in 1959; subsequently, malformed children were reported in 31
countries [1}. A pattern of defects of limbs as well as the ocular, res-
piratory, gastrointestinal, urogenital, cardiovascular and nervous
systems caused by maternal thalidomide exposure during early
pregnancy was observed. Limb defects such as phocomelia, amelia,
micromelia, oligodactyly, and syndactyly were the most common
malformations [2]. After removal from the global market in 1962,
thalidomide was reintroduced in 1998 by the biotechnology firm
Celgene as an immunomodulator for the treatment of erythema
nodosum leprosum, a serious inflammatory condition of Hansen's
disease, and in orphan status for treating Crohn’s disease and sev-
eral other diseases [1].

Animal species are not equally susceptible or sensitive to the
teratogenicity of chemical agents, and some species respond more
readily than others [3]. For thalidomide, a variety of developmental
toxic effects were reported in 18 animal species, but the responses
have been highly variable across species. Limb defects that mimic
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human thalidomide embryopathy have only been observed and
replicated in a few strains of rabbits and in primates [1,3,4]. Eight of
nine subhuman primates treated with thalidomide showed char-
acteristic limb reduction malformations ranging from amelia to
varying degrees of phocomelia at a dosage and timing comparable
to those observed in human thalidomide embryopathy {3,5]. Since
the first report of thalidomide embryopathy appeared 50 years
ago, considerable information regarding the therapeutic applica-
tions of this drug has accumulated, but the mechanisms by which
thalidomide produce congenital malformations are still not well
understood {2,3,5].

The non-human primate Macaca fascicularis (cynomolgus mon-
key) is widely used in prenatal developmental studies because of
year-round rather than seasonal breeding behavior [6]. Kalter [5]
noted that non-human primates, especially macaques and baboons,
are favorable for mechanistic studies; however, only two full
reports of the teratogenicity of thalidomide in cynomolgus mon-
keys are available [7,8]. Inthose studies, cynomolgus monkeys were
given thalidomide by gavage at doses of 5-30 mg/kg-d during ges-
tation days 20-30, and fetuses were examined morphologically.
The findings of these studies determined the critical period and
doses of thalidomide required for the production of fetal malfor-
mations in this macaque species. Although amounts taken were
not always accurately recorded in humans, available documents
show that typical malformations resulted from the ingestion of as
little as 25 mg three times a day or 100 mg/day for 3 days during
the sensitive period, equivalent to an astonishingly small dosage of
about 1mg/kg-d [5]. In teratology studies using cynomolgus mon-
keys, the timing of dosing was comparable to the human one and
the doses were estimated to be 5-30 times higher than those which
produced typical malformations in humans [5,7,8].

Knowledge of the patterns of altered gene expression in embry-
onic target organson a global scale is an important consideration for
understanding the mechanisms of teratogenesis {9-13]. The appli-
cation of ¢cDNA microarray technology, a genome-wide analysis
technique, to cynomolgus monkeys facilitates the rapid monitoring
of a large number of gene alterations in this species {14]. In order
to obtain information about the molecular mechanisms underlying
the detrimental effects of thalidomide teratogenicity, the present
study has determined the experimental conditions required to
produce thalidomide-induced fetal defects that mimicked human
abnormalities in cynomolgus monkeys and then profiled altered
patterns of gene expression in these embryos during the critical
period. The dosing used in the present study was 15 or 20 mg/kg-d
thalidomide given by gavage to pregnant dams at days 26-28 of
gestation for teratological evaluation, and 20 mg/kg given on day
26 for gene expression profiling 6 h post-treatment.

2. Materials and methods
2.1. Teratological evaluation

The teratology study was performed at SNBLUSA, Ltd. (Everett, WA, USA}incom-
pliance with the Animal Welfare Act and recommendations set forth in The Guide
for the Care and Use of Laboratory Animals {15]. Only fernales showing 25-32-day
menstrual cycles were used in these experiments. Each fernale monkey was paired
with a male of proven fertility for 3 days between days 11 and 15 of the menstrual
cycle. When copulation was confirmed, the median day of the mating period was
regarded as day O of gestation. Pregnancy was confirmed on day 20 or day 25 by
ultrasound (SSD-4000, Aloka Co., Mitaka, Japan) under sedation induced by intra-
muscular injection of 5% ketamine hydrochloride (Sigma Chemical Co., St Louis,
MO, USA). The monkeys were given (+)-thalidomide (Lot no. SEH7050, Wako Pure
Chemical industries, Ltd., Osaka, Japan} at 15 or 20 mg/kg-d by oral administration
using gelatin capsules (Japanese Pharmacopiae grade) on days 26-28 of gestation.
The dosage was adjusted to the bady weight on day 25 of gestation. Cesarean sec-
tion was performed on day 100-102 of gestation under deep anesthesia induced by
intramuscular injection of 5% ketamine hydrochloride (0.1-0.2 mifkg) and inhala-
tionof isoflurane (0.5-2.0%, Baxter, Liberty Corner, N}, USA). Salivation was inhibited
by atropine (0.01 mg/kg, Phenix Pharmaceutical, St. Joseph, MO, USA). Fetal via-
bility was recorded, and the fetuses were euthanized by intraperitoneal injection

of pentobarbital and phenytoin solution (Euthasol®, Virbac Corp., Fort Worth, TX,
USA). Fetuses were sexed and examined for external anomalies after confirmation
of the arrested heartbeat. After the completion of external examinations, fetuses
were examined for internal abnormalities.

2.2. Microarray experiments

The animal experiments were performed at Shin Nippon Biomedical Laborato-
ries (SNBL), Ltd. (Kagoshima, Japan) in compliance with the Guideline for Animal
Experimentation (1987), and in accordance with the Law Concerning the Protection
and Control of Anirnals (1973) and the Standards Relating to the Care and Manage-
ment of Experimental Animals {1980). This study was approved by the Institutional
Animal Care and Use Committee of SNBL and performed in accordance with the
ethics criteria contained in the bylaws of the SNBL committee.

Each female monkey was paired with amale of proven fertility for 1 day between
day 11 and day 15 of the menstrual cycle. Pregnant females, aged 5-8 years and
weighing 2.84-3.76kg on day 22 of gestation, were allocated randomiy to two
groups, each with three monkeys, and housed individuaily. The monkeys were orally
dosed with (+)-thalidomide (Lot no. SDH7273/SD]3347, Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan) at 0 or 20 mg/kg by oral administration of a gelatin capsule
on day 26 of gestation, which was during the critical period for thalidomide-induced
teratogenesis [7,8]. Dosage was adjusted to the body weight on day 22 of gestation.
Control monkeys received the capsule only.

2.3, RNA sample collection

Hysterectomy was performed under terminal anesthesia at 6 h after the admin-
istration of thalidomide on day 26 of gestation. Whole embryos were rapidly
removed from the uterus using a stereomicroscope and immersed in sterilized phys-
iological saline. Three embryos each in the thalidomide-treated and control groups
were obtained for RNA analysis and stored at —70°C until further processing. Gen-
eral factors of maternal age, weight and date of processing these samples are shown
in Table 1. Embryos were processed simultaneously, and aside from the blocking
factors in Table 1, all six samples were handled concurrently through RNA isolation
and hybridization.

2.4. RNA preparation and labeling

Total RNA was isolated from each day-26 embryo, amplified to cRNA, and biotin-
labeled for analysis on the Affymetrix NHP GeneChip® Array at Gene Logic Inc.
(Gaithersburg, MD, USA) using the TRIzol method and RNeasy colurnns according to
protocols from Affymetrix (Santa Clara, CA, USA). The 285/18S rRNA ratio of isolated
RNA was assessed using a Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA)
and found to be of sufficiently high quality. Biotinylated cRNA was finally cleaned
up and fragmented by limited hydrolysis to a distribution of cRNA fragment sizes
below 200 bases.

2.5. Affymetrix NHP GeneChip® Array and hybridization

Biotinylated cRNA samples from control and exposed embryos (n=3 each)
were hybridized using Biogen Idec’s (NASDAQ: BIiB) proprietary Affymetrix NHP
GeneChip® Array platform. This microarray chip contains a comprehensive rep-
resentation of the Cynomolgus genome derived from Biogen Idec’s proprietary
sequencing efforts, from which Gene Logic (www.genelogic.com/) subsequently
obtained the exclusive rights to provide as a service (personal cornrnunication, fun
Mano, Gene Logic). The steps for hybridization followed a protocol described in
the Gene Logic GeneChip® Analysis Manual (Gaithersburg, MD, USA). Probe-sets for
this analysis consisted of cynomolgus expressed sequence tags (ESTs), published
rhesus monkey ESTs, predictive coding sequences from the rhesus genome, and
human genes not represented by monkey sequences. Because of the incomplete
state of annotation for the cynomolgus genome at the time this study was under-
taken, we used hurnan, mouse and rat gene annotations to characterize monkey
genes on the NHP GeneChip® Array. This reasonably assumes that most cynomolgus
sequences are well-annotated by human ortholog information. After hybridization
the GeneChip® Arrays were scanned and raw signal values were subjected to sub-
sequent normalization and processing.

2.6. Microarray data processing and analysis

Probe-level data normalization from the six *.cel files used the robust multi-
chip average (RMA) method with perfect-match (PM} but not mismatch (MM) data
from the microarrays. RMA returns a single file containing the 51.886 probes in six
columns of normalized data, representing the log 2-intensity of each prabe. To query
differential transcript abundance between sample groups, the log 2 ratio of treated
{Q) to reference (R) was computed for ali six samples, with R being the average of
the three controls. The six columns were centered to MEDIAN = 0.00 and scaled to
STDEV=0.50[10,12]. These data were loaded to GeneSpring GX7.3 software (Agilent
Technologies, Redwoad City, CA, USA) for one-way analysis of variance (ANOVA) by
treatment group. Due to the small sample size (n=3) and limited annotation of the
cynomolgus genome for this preliminary analysis we relaxed the selection criterion
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Croup Embryo Maternal age in years Maternal bw in kg (day 22) Date of embryo collection {(day 26) *.cel filename (NIHS)
Control 001 6 3.76 November 2, 2006 137255bpcynalt.cel
002 7 284 December 2, 2006 137256bpcynali.cel
003 8 3.68 December 2, 2006 137257bpcynal i.cel
Thalidomide 101 5 297 October 30, 2006 137258bpcynall.cel
102 6 3.01 November 6, 2006 137259bpcynati.cel
103 8 314 November 24, 2006 137260bpcynail.cel

by not applying a false-discovery rate filter. Genes or probes passing the statistical
{ANOVA) filter at a P value of 0.05 were subjected to K-means clustering, with clus-
ter Set 1 and Set 2 that were up-regulated and down-regulated, respectively, in the
thalidomide-exposed versus control embryos. Entrez gene identifiers were used for
bioinformatics evaluation (http://www.ncbi.nlm.nih.gov/).

3. Results
3.1. Teratological evaluation

To confirm thalidomide embryopathy in the cynomolgus colony
under the conditions used for this study, pregnant dams were given
thalidomide at 15 and 20 mg/kg on days 26-28 of gestation. Four
fetuses were obtained at each dose for teratological evaluation
(Table 2). Although we did not observe a clear dose-response in
this limited number of fetuses, we did observe a number of cases
with limb defects consistent with human thalidomide embryopa-
thy. Fig. 1 shows external appearance of fetuses of dams exposed to
thalidomide on days 26-28 of gestation. Bilateral amelia in the fore-
/hindlimbs was noted in one female fetus at 20 mg/kg, and bilateral

Table 2

micromelia in the hindlimbs was observed in four fetuses at
15 mg/kg. Deformities of the paw and/or foot including hyperflex-
ion, ectrodactyly, polydactyly, syndactyly, brachydactyly, andjor
malpositioned digits, were observed in all fetuses at 15 mg/kg and
in two fetuses at 20 mg/kg. Tail anomalies were found in one fetus
at 15 mg/kg and three fetuses at 20 mg/kg. Small penis was noted
in one fetus each in both thalidomide-treated groups. No internal
abnormalities were noted in any of the thalidomide-treated fetuses
examined here. This confirmed the relevant sensitivity of cynomol-
gus embryos to thalidomide, based on a maternally administered
dose of 15-20 mg/kg during days 26-28 of gestation.

3.2. Genes altered by thalidomide

The embryonic transcriptome was evaluated at 6h after
20mg/kg maternal thalidomide exposure on day 26. For this
analysis, we used a proprietary Non-Human Primate (NHP)
microarray having representation of the cynomolgus genome
(see Section 2 for details). The NHP array includes 18,293

Morphological findings in fetuses of cynomolgus monkeys given thalidomide on days 26-28 of gestation.

Target Daose 15mgjkg

20 mgjkg

Fetus no. 1 2
Gender Female Male

Findings

3 4 5 6 7 8
Female Female Male Male Male Female

Forelimb
Amelia - ~

Paw
Hyperflexion
Ectrodactyly
Accessory digit(s)?

L onll ol -~}
1

Polydactyly?

Brachydactyly

Hindlimb
Micromelia B B
Amelia - -

Foot
Hyperflexion - B
Ectrodactyly - B
Polydactyly - -
Syndactyly R -
Brachydactyly - -
Malpositioned digit(s) - -

Craniofacial - -
Trunk - -

Tail
Bent or curled tail - -
Short tail - -

External genital organs
Small penis - +

-: No anomaly was observed.

+: Anomaly was observed.

B: Bilateral anomaly was observed.

R: Unilateral (right side) anomaly was observed.
L: Unilateral (left side) anomaly was observed.

? Polydactyly means (almost) complete extra digits existed, and accessory digit incomplete “digit like tissue” attached to a normal digit.
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Fig. 1. Malformed fetuses of cynomolgus monkeys exposed to thalidomide on days 26-28 of gestation. (A) The fetus of maternal monkey given thalidomide at 15 mg/kg-d
exhibiting brachydactyly in the paw, micromelia in the hindlimb, hyperflexion, ectrodactyly and brachydactyly in the foot and curled tail, (B) The fetus of maternal monkey
given thalidomide at 20 mg/kg-d exhibiting amelia in the fore- and hindlimb and bent tail.

cynomolgus genes and 8411 Rhesus genes as well as genes
from several other species. The six-array dataset conform-
ing to MIAME standards resides in the Gene Expression
Omnibus repository (www.ncbi.nim.nih.gov/geo/) under platform
accession number GPL8393 (series GSM389350-GSM389355). A
thalidomide-sensitive subset of genes in the embryonic transcrip-
tome was reflected in the high-percentage of present calls for genes
whose expression levels showed >1.5-fold difference between
thalidomide-treated and control embryos.

Statistical (ANOVA) analysis identified 2362 genes that differed
significantly between control and thalidomide groups (P< 0.05).
The heat map for these genes showed a clear pattern (Fig. 2).
K-means clustering partitioned them into primary sets of up-
regulated (1281) genes and down-regulated (1081) genes for
thalidomide relative to control embryos.

3.3. Annotation systems

Ranking functional categories of genes in an expression cluster
is an important step to unravel the cellular functions and pathways
represented in the differentially expressed gene list. To derive the
highest ranking biological themes across the up-/down-regulated
gene lists, Entrez gene [Ds were annotated by Gene Ontology (GO)
category using the Database for Annotation, Visualization, and
Integrated Discovery (http://apps1.niaid.nih.gov/david/). Table 3
lists the significantly over-represented themes when the 1281
up-regulated genes (Table 3A) and 1081 down-regulated genes
(Table 3B) were mapped by GO category. We used level-4 anno-
tation for Biological Processes, Cellular component and Molecular
Function as well as curated pathways from the KEGG (Kyoto Ency-
clopedia of Genes and Genomes) open source pathway resource to
obtain categories passing by Fisher exact test (P <0.05). For clarity
and greater specificity we limited the categories in Table 3 to those
having at least 10 hits for sensitivity and no more than 50 hits to
improve specificity.

Integrated biological processes evident across the up-regulated
categories addressed the regulation of cellular growth, includ-
ing cell cycle progression, PNA repair and nucleic acid transport,
Other up-regulated biological processes addressed the regula-
tion of metabolism, the cytoskeletal cycle, heart development

and vesicle transport. Many of these processes were logically
reflected in the ontologies for cellular components addressing the
nucleo-ribosomal system, the microtubule network, and molecu-
lar functions for GTPase activity and actin binding. Up-regulated
signaling pathways (KEGG) included several oncogenic growth
pathways as well as the TGF-beta, GnRH and insulin signaling path-
ways.

Integrated biological processes evident across the down-
regulated categories addressed ion homeostasis and cellular
secretion. These processes were logically reflected in the ontologies
for cellular components addressing the endoplasmic reticulum,
GTPase activity and transferases. Other down-regulated biological
processes addressed cell growth, muscle and vasculature devel-
opment, and the inflammatory response-—consistent with KEGG
pathways for hematopoietic cells and antigen processing,

4. Discussion

The results from this study show that a teratogenic dose of
thalidomide (20 mg/kg) significantly alters global gene expression
profiles in the cynomolgus monkey embryo within 6 h of exposure
on day 26 of gestation. Bioinformatics analysis of the embryonic
transcriptome following maternal thalidomide exposure revealed
up-regulation in several signaling pathways with roles in mor-
phogenesis and oncogenesis (e.g., TGF-beta, insulin signaling), and
down-regulation of the endoplasmic reticulum and inflammatory
response. As might be anticipated, this implies a broad reaction of
the embryo to the mechanism of thalidomide and a generalized
reprogramming of pathways known to be important in develop-
ment and teratogenesis.

The dosing scenario used in the present study was 15 or
20mg/kg-d thalidomide given by gavage to pregnant dams on days
26-28 of gestation for teratological evaluation, and 20 mg/kg given
on day 26 for gene expression profiling 6 h post-treatment. The ter-
atological exposure induced limb malformations consistent with
earlier studies with thalidomide in pregnant macaques. For exam-
ple, it was previously reported that two fetuses with amelia were
obtained from two of four cynomolgus monkeys given thalido-
mide by gavage at 10 mg/kg-d on days 32-42 after commencement
of menses (approximately equivalent to days 20-30 of gestation)
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Fig. 2, Molecular abundance profiles of the thalidomide-sensitive genes in the cynomolgus embryonic transcriptome on day 26 of gestation. RNA was isolated from day 26
embryos 6 h after maternal exposure to 20 mg/kg thalidomide or vehicle control. Values tepresent log 2 ratios of treated/reference, where the reference is an average of ail
three controls for each gene. ANOVA returned 2362 genes that were significantly different between the groups (n=3, P<0.05). The heat map visualizes the genes in rows
and the embryos in columns, and the histogram shows the distribution of genes in each cluster. Columns left to right: 1-3 from control embryos (#001, #002, #003) and 4-6
from thalidomide embryos (#101, #102, #103). Genes were partitioned by K-means clustering into two primary expression clusters with 1281 up-regulated genes (red)and

1081 down-regulated genes (green).

and that the fetal malformations were similar to malformations
reported in children whose mothers had taken thalidomide during
pregnancy [7]. Forelimb malformations in the cynomolgus fetus
were noted following a single oral administration of thalidomide
on days 25, 26 or 27 of gestation at 10 and 30mg/kg and daily
administration on days 25-27 of gestation at 5 mg/kg, and both
fore- and hindlimb malformations were observed following a sin-
gle oral administration on day 25 or 28 of gestation at 30 mg/kg
[8]. The present study, taken together with the previous stud-
ies (7,8}, indicate that orally administered thalidomide induces
fetal malformations in cynomolgus monkeys similar to human
pregnancies and furthermore localizes the vulnerable period to
days 25-28 of gestation and the effective doses to 5-~-30mg/kg-
d.

Given the limitations of working with this species the prelim-
inary application of a custom NHP microarray, the analysis at one
dose and time point, and the incomplete state of annotation of
the macaque genome, the current study design focused on RNA
collected from individual embryos rather than the specific target
organ system (forelimb, hindlimb). Ideally a follow-up study on
focused gene expression analysis should be performed for specific
embryonic limbs in which malformations have been induced with
thalidomide; however, the present study is among the first to pro-
vide genomic information on tie initial changes in gene expression
occurring in macaque embryos during the critical events following
a teratogenic dose of thalidomide. A total of 43 and 26 func-
tional categories of redundant genes were up- and down-regulated,
respectively, based on the GO annotation systemn for human Locus
Link identifiers,

Statistically, the top-ranked 20 up-regulated genes included 4
hits to cell shape and polarity genes: KIAA0992 (twice), FNML2,

FMNL3. Palladin, encoded by the KIAAQ992 gene, plays a role in
cytoskeletal organization, embryonic development, cell motility,
and neurogenesis [16]. Formin-related proteins play a role in Rho
GTPase-dependent regulation of the actin cytoskeletal cycle and
have been implicated in morphogenesis, cell movement and cell
polarity [17]. Several genes in the focal adhesion/actin cytoskeleton
pathway were up-regulated. Guanine nucleotide exchange factors
(GEFs) DOCK1, which forms a complex with RhoG, and VAVZ and
ARHGEF7 that act on Rho family GTPases, play a fundamental role in
small G-protein signaling pathways that regulate numerous ceilu-
lar processes including actin cytoskeletal organization [18-22]. To
further understand the mechanisms of thalidomide-induced ter-
atogenicity the regional and developmental stage of expression
for these genes and corresponding proteins should be determined:
however, these preliminary findings suggest that thalidomide per-
turbs a general program involving the up-regulation of Rho family
GTPases and their GEFs.

One candidate pathway for the control of cytoskeletal remod-
eling evident in studies of early induction of the Fetal Alcohol
Syndrome (FAS) in mouse embryos is the receptor tyrosine kinase
(RTK) signaling pathway, mediating insulin-like growth factors
[12]. Genes in the RTK insulin signaling pathway were significantly
up-regulated by thalidomide treatment as in FAS. AKT1 and GSK3f3,
which were up-regulated by thalidomide, are key genes in this
pathway. AKT1, a serine-threonine protein kinase, is regulated by
PDGF and insulin through PI-3 kinase signaling [23-25]. GSK3RB, a
substrate of AKT, is a proline-directed serine-threonine kinase that
was initially identified as a phosphorylating and inactivating glyco-
gen synthase [26]. IGF-1 and IGF-II are expressed in the anterior
and posterior mesodermal cells of the developing limbs [27-29].
IGF-lcaninfluence chick limb outgrowth [29-31] and regulate mus-
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Table 3A

GO-annotated biological categories for genes up-regulated in the embryo following maternal thalidomide exposure,
Category Term Count Pvalue List Total Pap Hits Pop Total Log 2 Fold

Change

GOTERM.BP.4 Biological Process (level 4)
G0:0015931 Nucleobase, nucleoside, nucleotide and nucleic acid transport 15 0.001 694 100 13,532 +2.92
GO:0050658 RNA transport 13 0.002 694 87 13,532 +2.91
C0:0050657 Nucleic acid transport 13 0.002 694 87 13,532 +2,91
G0:0051236 Establishment of RNA localization 13 0.002 694 87 13.532 +2.91
G0:0051028 mRNA transport 11 0.007 694 79 13,532 +2.71
G0:0045941 Positive regulation of transcription 40 0.000 694 326 13,532 +2.39
G0:0007507 Heart development 15 0.006 694 128 13,532 +2.28
G0:0051276 Chromosome organization and biogenesis 45 0.000 694 394 13,532 +2.23
G0:0006281 DNA repair 28 0.001 694 267 13,532 +2.04
G0:0022618 Protein-RNA complex assembly 12 0.035 694 116 13,532 +2.02
G0:0031325 Positive regulation of cellular metabolic process 42 0.000 694 416 13,532 +1.97
GO:0009893 Positive regulation of metabolic process 44 0.000 694 445 13532 +1.93
G0:0051169 Nuclear transport 14 0.035 694 145 13,532 +1.88
GO:0016481 Negative regulation of transcription 28 0.003 694 300 13,532 +1.82
G0:0006461 Protein complex assembly 27 0.005 694 295 13,532 +1.78
C0:0045786 Negative regulation of progression through cell cycle 19 0.022 694 209 13,532 +1.77
G0:0009892 Negative regulation of metabolic process 38 0.002 694 436 13,532 +1.70
G0:0031324 Negative regulation of cellular metabolic process 32 0.009 694 387 13,532 +1.61
G0:0000074 Regulation of progression through cell cycle 42 0.005 694 526 13,532 +1.56
G0:0051726 Regulation of cell cycle 42 0.005 694 528 13,532 +1.55
G0O:0007010 Cytoskeleton organization and biogenesis 41 0.008 694 526 13,532 +1.52
C0:0016192 Vesicle-mediated transport 39 0.013 694 509 13,532 +1.49
GOTERM CC 4 Cellular component {level 4)
G0:0005830 Cytosolic ribosome (sensu Eukaryota) 10 0.017 743 76 14,201 +2.51
GO:0005681 Spliceosome 16 0.004 743 134 14,201 +2.28
GO:0000785 Chromatin 22 0.001 743 194 14,201 +2.17
G 0:0031965 Nuclear membrane 15 0.012 743 136 14,201 +2.11
G0:0012506 Vesicle membrane 13 0.030 743 125 14,201 +1.99
GO:0005874 Microtubule 23 0.005 743 233 14,201 +1.89
GO:0005635 Nuclear envelope 18 0.015 743 182 14,201 +1.89
GO:0005768 Endosome 18 0.028 743 196 14,201 +1.76
G0:0005694 Chromosome 32 0.011 743 385 14,201 +1.59
G0:0030529 Ribonucleoprotein complex 41 0.047 743 584 14,201 +1.34
GOTERMMF_4 Molecutar Function (level 4)
GO:0051427 Hortnone receptor binding 10 0.001 578 57 12,599 +3.82
GO:0051020 GTPase binding 11 0.003 578 78 12,599 +3.07
GO0:0003712 Transcription cofactor activity 41 0.000 578 311 12,599 +2.87
G0:0003779 Actin binding 27 0.002 578 302 12,599 +1.95
G0:0008234 Cysteine-type peptidase activity 15 0.027 578 172 12,599 +1.90
KEGG.PATHWAY
hsa05220 Chronic myeloid leukemia 10 0.016 225 74 4,214 +2.53
hsa05222 Small cell lung cancer 11 0.016 225 87 4214 +2.37
hsa05215 Prostate cancer 11 0.016 225 87 4214 +2.37
hsa04350 TGF-beta signaling pathway 1 0.020 225 90 4214 +2,29
hsa04912 GnRH signaling pathway 11 0.026 225 94 4214 +2.19
hsa04910 Insulin signaling pathway 14 0.025 225 134 4,214 +1.96

cle mass during early limb myogenesis [32]. Although these facts
may implicate IGF signals as a potential mediator of thalidomide
embryopathy, the present study did not find significant expression
or thalidomide-induced alteration in the global pattern of several
key transcripts in this signaling pathway, including IGFBPs 13, 5,
6 and 7, IGF1, IGF1R, and IRS14 (data not shown). It is certainly
plausible that thalidomide exposure may locally alter upstream
events in IGF-1 signaling without necessarily altering the molec-
ular abundance profiles of the pathway in the developing limb of
monkey embryos. On the other hand, our preliminary microar-
ray analysis does find evidence for the up-regulation of GSK3p
and AKT1 transcripts that are downstream in the insulin signaling
pathway. Effects on TGF-beta and WNT signaling may be critical
here. Thalidomide-induced oxidative stress in chick embryos can
enhance signaling through BMPs (bone morphogenetic proteins),
leading to up-regulation of the WNT antagonist Dickkopf1 (Dkk1)
and subsequent cell death [33). We note here a significant up-
regulation of genes in the TGF-beta pathway and similarities with
genes in the cytoskeletal cycle and WNT pathways for the murine
FAS[12].

Some of the responsive genes found in this study are known
to play roles in vascular development pathways. For example,
vascular endothelial growth factor (VEGF) was down-regulated
and platelet-derived growth factor receptor 8 (PDGFRB) was up-
regulated during early stages in thalidomide embryopathy. VEGF
is a key stimulator of vascular cell migration and proliferation and
acts directly on endothelial cells, whereas PDGF attracts connec-
tive tissue cells that can also stimulate angiogenesis. The reciprocal
effect on these transcript profiles, potentially leading to an overall
decrease in VEGF/PDGFRR activities, might be predicted to interfere
with vascular cell recruitment and proliferation in the developing
embryo or limb. It is well known that thalidomide reduces the
activity or production of VEGF and TNF-q, leading to inhibition
of angiogenesis {34]. The present microarray data are consistent
with this effect. Furthermore, VEGF stimulates PDGFRf and induces
tyrosine phosphorylation {35]. The reciprocal effect that mater-
nal thalidomide exposure had on these transcripts may suggest
a key event in the programming or induction of vascular cells or
their progenitors has been disrupted within 6h after exposure.
This notion is supported by the study of D’Amato et al. [36] that
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Table 3B

GO-annotated biological categories for genes down-regulated in the embryo following maternal thalidomide exposure,
Category Term Count Pvalue List Total Pop Hits Pop Total Log2Fold

Change

GOTERM.BP 4 Biological Process (level 4)
G0:0008284 Positive regulation of cell proliferation 24 0.000 556 240 13,532 -2.43
G0O:0007517 Muscle development 16 0.006 556 177 13,532 -2.20
GO0:0009883 Regulation of biosynthetic process 18 0.005 556 207 13,532 ~2.12
GO0:0006417 Regulation of translation 14 0.027 556 174 13,532 ~-1.96
G0:0032940 Secretion by cell 23 0.004 556 287 13,532 -1.95
GO:0001944 Vasculature development 15 0.026 556 191 13,532 -1.91
GO0:0045045 Secretory pathway 18 0.020 556 239 13,532 -1.83
G0:0051246 Regulation of protein metabolic process 23 0.008 556 307 13,532 -1.82
G0:0006873 Cellular ion homeostasis 16 0.031 556 214 13,532 ~1.82
GO:0006954 Inflammatory response 22 0.012 556 30t 13,532 -1.78
GO0:0016192 Vesicle-mediated transport 35 0.004 556 509 13,532 -1.67
G0:0042127 Regulation of cell proliferation 34 0.005 556 499 13,532 -1.66
G0:0019752 Carboxylic acid metabolic process 36 0.012 556 572 13,532 —-1.53
GO:0046907 Intracellular transport 40 0.043 556 714 13,532 -1.36
GOTERM.CC 4 Celtular component (level 4)
G0O:0005625 Soluble fraction 21 0.004 602 244 14,201 -2.03
G0:0005768 Endosome 15 0.039 602 196 14,201 -1.81
C0:0005788 Endopiasmic reticulum membrane 28 0.031 602 435 14,201 -1.52
G0:0044432 Endoplasmic reticulum part 30 0.047 602 494 14.201 -1.43
G0:0005624 Membrane fraction 44 0.026 602 749 14,201 -1.39
G0:0005783 Endoplasmic reticulum 46 0.049 602 827 14,201 -131
GOTERM.MF 4 Molecular Function (level 4)
G0:0030594 Neurotransmitter receptor activity 14 0.000 531 99 12,599 -3.36
G0:0051020 GTPase binding 1 0.002 531 78 12,599 -335
G0:0016747 Transferase activity, transferring other than amino-acyl groups 15 0.028 531 188 12,589 -1.89
G0:0004175 Endopeptidase activity 31 0.012 531 463 12,599 -1.59
KEGG PATHWAY
hsa04640 Hematopoietic cell lineage 12 0.005 223 85 4214 —2.67
hsa04612 Antigen processing and presentation 10 0.024 223 80 4,214 -236

Results for the embryo 6 h after a teratogenic dose of thalidomide (20 mg/kg) on day 26 of gestation for 1281 significantly up-regulated genes (Table 3A) and 1081 significantly
down-regulated genes (Table 3B) based on the population of arrayed genes. The annotated system used the NIH/NIAID Database for Annotation, Visualization, and Integrated
Discovery (DAVID) at level 4. Count refers to the number of altered genes in the ontology (min =10 and max = 50). P value refers to results from Fisher exact test (P <0.05);

List Total refers to the number of annotated genes on the array; Pop Hits and Pop Total refers to the number of annotated genes in the database for the category and overail

Log 2 Fold Change is computed as the mean Log 2 (treated/control) for genes in the category.

suggested limb defects caused by thalidomide were secondary
to inhibition of blood vessel growth in the developing limb bud.
Down-regulation of the vascular development program is consis-
tent with this notion and with the supposition that correct limb
bud formation requires a complex interaction of both vasculoge-
nesis and angiogenesis during development [37]. Perhaps these
genes might be considered as potential biomarkers of thalidomide-
induced teratogenesis in cynomolgus monkeys. A recent study
with the teratogenic thalidomide analogue, CPS49, has shown
direct evidence for the suppression of endothelial angiogenetic
sprouting and failure to establish a normal vascular network as
a key event in thalidomide embryopathy [38]. CPS49 mimics the
antiangiogenic properties, but not anti-inflammatory properties,
of thalidomide.

Finally, the inflammatory response pathway was found to be
significantly down-regulated in the early thalidomide embry-
ome. Although down-regulation of the inflammatory response
might be anticipated to protect the embryo, studies in lab-
oratory animals have implicated a role for reactive oxygen
species (ROS) in thalidomide embryopathy {39)]. In that study,
thalidomide was found to preferentially increase ROS in embry-
onic limb cells from a sensitive species (rabbit) but not the
insensitive species (rat). Down-regulation of the inflammatory
pathways in thalidomide-exposed monkey embryos reinforces this
notion.

In conclusion, these findings show that thalidomide expo-
sure perturbs a general program of morphoregulatory processes
in the cynomolgus monkey embryo. Bioinformatics analysis has
now identified many key pathways implicated in thalidomide

embryopathy in cynomolgus monkeys, and has also revealed some
novel processes that can help unravel the mechanism of this
important developmental phenotype. Several pathways, including
actin cytoskeleton remodeling and downstream insulin signaling-
related genes, in addition to vascular development pathways may
provide candidate biomarkers for key events underlying the ter-
atogenicity of thalidomide in primates. To clarify the molecular
mechanisms further studies must examine protein expression,
phosphorylation, and cther modifications in the precursor target
organ system.
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Relationship of Th1/Th2 Cell Balance With the
Immune Response to Influenza Vaccine

During Pregnancy

Koushi Yamaguchi,"** Michi Hisano,' Sakiko Isojima,’ Seiko Irie,* Naoko Arata,?
Noriyoshi Watanabe,"? Takahiko Kubo,! Tatsuo Kato,! and Atsuko Murashimal?

! Department of Perinatology, National Center for Child Health and Development, Setagaya-ku, Tokyo, Japan
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To determine the optimal timing for influenza
vaccination in pregnant women, we measured
alterations in the types 1 and 2 T helper cell
{Th1/Th2) balance during pregnancy, monitored
specific immunity to inoculated antigens after
vaccination with inactivated influenza vaccine,
evaluated the relevance of the Th1/Th2 ratio and
immune responses to the vaccination, monitored
the maintenance of high antibody titers until
delivery and measured the transplacental anti-
body transfer rate. No significant alterations of
the Th1/Th2 balance were noted in the 65% of
pregnantwomen among whom the Th1/Th2 ratio
was lowerthan 9.9% in the first trimester. In those
groups with a ratio higher than 10% in the first
trimester, there was a tendency for the ratio to
decrease as gestation advanced. The efficiency of
immunization was not influenced by the Th1/Th2
status or by the stage of gestation. The antibody
titer decreased steadily with time from 1 month
after vaccination to the time of delivery. Con-
versely, the transfer rate of antibodies from
maternal to fetal blood at the time of delivery
increased with the duration of gestation after
vaccination. Nevertheless, the antibody titers in
both maternal and fetal blood were sufficient to
afford protection againstinfection. Thus, efficient
influenza vaccination can be undertaken at any
stage of pregnancy. J. Med. Virol. 81:1923-
1928, 2009. © 2009 Wiley-Liss, Inc.

KEY WORDS: Th1/Th2 cell balance, preg-
nancy, influenza vaccination,
passive immunity, transpla-
cental transfer

INTRODUCTION

The fetus and placenta are perceived as “foreign” to
the maternal immune system and facilitation of immune
tolerance to the fetus in successive pregnancies is

© 2009 WILEY-LISS, INC,

important. One alteration of the immune response in
pregnant patients is decreased cellular immunity,
reflecting the relative predominance of type 2 T helper
cells (Th2) in the Th1/Th2ratio [Saito, 2000; Tsudaet al.,
2002]. Although it is not clear whether the alteration
arises locally or systemically, a decrease in cytotoxic
lymphocyte activity associated with a predominance of
Th2 is capable of attenuating the immune defense
against viral infections. In addition, decreased maternal
lung capacity caused by the enlarging gravid uterus
and increases in plasma volume, heart rate, stroke
volume, and oxygen consumption during pregnancy can
impair the mother’s cardiopulmonary functions. These
physiological changes might explain the increased
vulnerability of pregnant women to viral infections of
the respiratory system.

Increased morbidity and mortality rates in pregnant
women were reported following three major historical
influenza pandemics: the Spanish flu (viral strain
HIND in 1918, Asian flu (H2N2) in 1957, and Hong
Kong flu (H3N2) in 1968. The mortality rate in pregnant
women was 49% and pregnant women accounted for
about half of the fatalities in women of reproductive
age during the epidemics of 1918 and 1957 [Harris,
1919; Greenberg et al., 1958; Freeman and Barno,
1959; Widelock et al., 1963; Mullooly et al., 1986]. These
reports were supported by the recent findings of
increasing risk of respiratory hospitalization at later
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stages of gestation during the influenza season [Neuzil
et al., 1998; Irving et al., 2000; Hartert et al., 2003;
Longman and Johnson, 2007; Rothberg et al., 2008).

To prevent influenza infections during pregnancy, the
American College of Obstetricians and Gynecologists
{ACOG) and the Centers for Disease Control (CDC) have
recommended that all women that are pregnant or who
intend to get pregnant during the influenza season
should be vaccinated. In 2004, they advised expanding
the guidelines for vaccination from the second and third
trimester to all three trimesters [Harper et al., 2004;
Munoz et al., 2005; Fiore et al., 2008; Mak et al., 2008].

The importance of vaccination with an inactivated
influenza vaccine in pregnant women can be appre-
ciated when one considers the controversial and
limited applicability of other prophylactic or therapeutic
options, such as the use of the attenuated intranasal
vaccine or antiviral medications during pregnancy.
Therefore, it would be worth analyzing in detail
the immunological effects of vaccination with the
inactivated vaccine.

In this study, we evaluated the efficiency of influenza
vaccination in the second and third trimesters of
pregnancy by evaluating factors such as the Th1/Th2
balance, maintenance of antibody titers and trans-
placental transfer of antibodies to the fetus after
vaccination. We discuss the optimal timing for influenza
vaccination in pregnant women.

METHODS
Study Design

The aim of this study was to determine the optimal
timing of influenza vaccination in pregnant women. We
performed a prospective study on 125 healthy pregnant
women at the Japanese National Center for Child
Health and Development (NCCHD) between November
1,2007 and May 31, 2008. Women who received prenatal
care at the NCCHD were offered the influenza vaccine at
their routine prenatal visits, regardless of their gesta-
tional stage. Cytological and serological tests were
conducted before the vaccination to ascertain whether
the patients had a history of influenza infection with
viral strains expressing the same antigens as in the
vaccine, and to evaluate the immune responses to the
vaccine under each maternal immunological condition
(Fig. 1). Production of antibodies was evaluated 1 month
after the vaccination and the titers in the maternal
serum were measured at the time of delivery. These data

45t 2nd Kkic

Before vaccination After vaccination Oefivery

Cytotogical testing
Serological testing 7. - VL
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Fig. 1. Protocol for bleod sampling.
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were used for evaluating maintenance of the antibody
response to immunization, and for comparing it with the
titers in the umbilical cord to analyze transplacental
transfer of antibodies to the fetus. If the interval from
the vaccination to the time of delivery was approxi-
mately 1 month, the data attained at the time of delivery
were also used as those at the second examination.

To analyze the alterations of the Th1/Th2 balance
during pregnancy, the parameter was monitored in each
trimester in 30 healthy pregnant women who had not
received any vaccination at the NCCHD.

The study was approved by the local Ethics Commit-
tee at the NCCHD. Written informed consent was
obtained from all of the study participants in advance.

Cytology

Specific staining of lymphocytes was performed by
incubating whole blood with anti-CD4-PC5 or anti-
CD8-PC5-conjugated monoclonal antibodies (mAbs)
(Beckman Coulter, Fullerton, CA). The red blood cells
(RBCs) were then removed by lysis (FACS Lysing
solution; Becton Dickinson, BD Biosciences, Franklin
Lake, NJ) and the lymphocytes were analyzed using
flow cytometry (FACSCalibur; Becton Dickson). After
surface staining the activated whole blood samples with
anti-CD4-PC5-conjugated mAbs, the RBCs were lysed
and subsequently specific intracellular staining using
FastImmune™ IFN-y FITC/IL4 PE (Becton Dickinson)
was performed according to the manufacturer’s instruce-
tions. The stained cells were analyzed using flow
cytometry and the CD4™ T lymphocytes that stained
positive for interferon gamma (IFN-v) or for interleukin
(IL)-4 were used to assess the numbers of Th1 and Th2
cells, respectively.

Vaccine

The influenza vaccine (FLUBIK HA™; Biken, Osaka,
Japan) contained three strains: A/Solomon/3/2006
(HIN1), A/Hiroshima/52/2005 (H3N2), and B/Malaysia/
2506/2004.

Antibody Detection

Serum samples from the maternal blood or fetal
umbilical cord blood were treated with a receptor-
destroying enzyme (RDE) from Vibrio cholerae for
18hr at 37°C to remove nonspecific inhibitors. After
heat inactivation for 30 min at 56°C, the samples were
diluted to ten times their volume with physiological
saline. To adsorb nonspecific agglutinins, the RDE-
treated serum samples were then incubated with 2.5% v/
vhuman type O RBCsfor 1 hr at 4°C. The serum samples
used in subsequent hemagglutination inhibition tests
were separated by centrifugation at 900g for 5 min.

The pretreated serum samples were double diluted
serially in PBS using U-shaped 96-well microtiter plates
and incubated with an equal volume of 4 U of various
virus hemagglutinin antigens at room temperature (RT)
for 1hr. An aliquot of 0.3% v/v human type O RBC
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suspension in PBS was added to each well and incubated
at RT for 1hr. The titers of the specific antibodies for
the various strains were read by inverting the plates
to produce a streak [Hist, 1942; Francis et al,, 1944;
Stephenson et al., 2003].

Statistical Analysis

All P values were two-sided and were not adjusted
for multiple testing. Differences between groups in
terms of maintenance of elevated antibody titers and
transplacental transfer rate were assessed using the
Mann~Whitney nonparametric U test. Analyses were
performed using SPSS II software (SPSS, Inc., Chicago,
IL).

RESULTS
Patients

There were 125 patients in this series: 71 in
their second trimester at the time of vaccination and
54 in their third trimester (Table I). There was little
opportunity for administering the vaccine during the
first trimester as we usually schedule the vaccination at
afollow-up appointment following the first visit, 1 month
after the diagnosis of pregnancy. Although a few
patients received the vaccination in the first trimester,
we did not enter these data into this analysis. No
significant differences in mean age, white blood cell
(WBC) count, differential lymphocyte count or natural
killer (NK) cell activities were observed in the patients
between the second and third trimester. There were no
adverse events in terms of pregnancy or fetal medical
conditions.

The fetus is a source of “foreign” antigens for the
maternal immune system during pregnancy and NK cell
activities in maternal blood have relevance to the
maternal—fetal interface [Boyson et al., 2008]. Stability
of NK cell activities is important to maintain pregnancy
and is also a parameter of smooth pregnancy. Given that
activated NK cells have a potent influence on T-cells, we
analyzed NK cell activities in this study.

Alteration of the Th1/Th2 Ratio
During Pregnancy

In a preliminary investigation, the Th1/Th2 ratio was
analyzed in healthy pregnant women. No significant

1925

alteration was observed when evaluated using mean
data from subjects with a wide range of the ratio.
Therefore, to evaluate any alterations to the Thi/
Th2 balance during pregnancy we classified the subjects
into three groups based on the ratio in the first trimester
(Fig. 2). Those women with a low Th1/Th2 ratio (<9.9%)
did not show any significant alterations during
pregnancy, whereas women with a ratio in the mid-
range (10.0—14.9%) showed a tendency toward decrease
of the ratio. This tendency for a decrease was accen-
tuated in the group with a high initial Th1/Th2 ratio
(>15%).

Immunity to Vaccinated Antigens

The vaccine we used contains three strains of virus.
The HI titers of each specific antibody were analyzed
one month after vaccination to evaluate strain-specific
immune responses. HI antibody titers >1:40 are usually
regarded as protective and are an objective for success-
ful vaccination [Center for Biologics Evaluation and
Research, 2007]. This is important for assessing clinical
efficacy; however, in this study we concentrated on
analyzing the immunological response to vaccination.
The immune responses of all patients to the three viral
strains included in the vaccine are shown in Figure 2B.
These confirm that the antibody response rate tended
to increase inversely with the titer at the time of the
vaccination and that subjects with a prevaccination HI
antibody titer of >1:80 showed less response.

We applied the following criteria for classification of
the immune responses. Subjects with a prevaccination
HI antibody titer <1:10 and a postvaccination HI
antibody titer >1:40, or a prevaccination HI antibody
titer >1:10 and a minimum fourfold rise in postvacci-
nation HI antibody titer, were classified as responsive.
Those with only twice the increase, or with noincrease in
postvaccination HI antibody titer, were classed as poorly
responsive and nonresponsive subjects, respectively.
Subjects with HI antibody titers >1:80 of prevaccination
specific antibodies and with no significant response to
vaccination were classed as being nonresponsive with a
high titer (Table II). This group was no longer available
because their antibodies might have interfered with the
immune response to the vaccine, so the immunologically
responsive group was our prime focus for evaluating
immune responses.

TABLE I. Maternal Condition at the Time of Vaccination

Conditions, mean &+ SD

Trimester

(range) Second (n=71) Third (n =54)

Age (v.0.) 34 + 3.8 (25—-40) 34 £4 (26-41)
Weeks of gestation 22+4.2 (15-28) 33+2.5(29-39)

WBC (ml) 9023.6 +1966.9 (3900-12700) 8500.0 & 2260.7 (4100—16700)
Lyrmph (%) 21.2+£5.9(11-38) 22.4+7.7(12-36)

CD4 (ml) 44.8+86.9 (29.1-63.8) 45.7+17.3 (31.2-60.1)
CD4/CDS8 (ratio) 1.5+0.5 (0.66-2.58) 1.5+0.5 (0.65-2.47)
Th1/Th2 (ratio) 10.7+7.4 (3.9-44.3) 10,2+ 4.3 (4.3-20.7)

NK cells activities (%)

23.04+11.1 (5-63)

24.5 +£12.7 (6~56)

dJ. Med. Virol. DOI 10.1002/imv
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Fig. 2. A: Alteration of the types 1 and 2 T helper cells (Th1/Th2) ratio during pregnancy. The three
groups were classified based on the Th1/Th2 ratio during the first trimester. Data are shown as the
mean + SD from each group, *P < 0.05. B: Immune responses of all 125 patients to the three viral strains
included in the vaccine. The HI antibody response rate tended to increase inversely with the HI titer at
the time of vaccination, and subjects with a prevaccination HI antibody titer of >1:80 showed a lower

response.

Th1/Th2 Ratio and the Immune
Response to Vaccination

To analyze the association between the antibody
immune response and the Th1/Th2 ratio at the time of
vaccination, analysis was performed regardless of the
stage of gestation. Although there was a wide range in
the Th1/Th2 ratioin vaccinated patients, the numbersin
the responder groups were generally inversely related to
the ratio (Table III). Thus, most responders were
observed in the group with a Th1/Th2 ratio of less than
9.9%, but no statistically significant differences were
found across the range.

Serology

We compared the results of serological evaluation
between the second and third trimesters (Table IV). The

TABLE II. Status of Immunity Against Antigens After

Vaceination®
Antigens®
Immunity (%) (n=125) A B C  Whole®
Nonresponsive with a 344 43.2 32.8 36.0
high titer®
Responsive 51.2 28.0 40.0 57.6
Poorly responsive® 144 28.8 24.8 6.4
Nonresponsive 0.0 0.0 2.4 0.0

Percentage of immunity against each antigen at 1 month after the

vaccination.

*A: A/Solomon/3/2006 (H1N1), B: A/Hiroshima/52/2005 (H3N2), C: B/

Malaysia/2506/2004.

*Responded to either A or B or C.

‘Subjects with HI antibody titers >1:80 to specific antibodies

grevaccination and with no significant response to vaccination.
Subjects with a prevaccination HI antibody titer <1:10 and a

postvaccination HI antibody titer >1:40, or a prevaccination HI
antibody titer >1:10 and a minimum fourfold rise in postvaccination
HI antibody titer.

“Subjects with only twice the increase in postvaccination HI antibody
titer.

J. Med. Virol. DOI 10.1002/jmv

Immunization rates in the vaccinated subjects with-
out preexisting immunity were almost the same in
the second and third trimesters. The rate of main-
tenance of an antibody level was calculated from the HI
antibody titer in maternal serum at the time of delivery,
relative to that measured at 1 month after vaccination.
The transplacental transfer rate was calculated from
the HI antibody titer in the serum of fetal umbilical
cord blood, relative to that of maternal blood measured
at the time of delivery. Maintenance of the antibody
level was better in those subjects vaccinated in the
third trimester than in those vaccinated in the second
trimester. Although the transfer rate from the maternal
to the fetal blood at delivery was inversely related to
the duration of gestation after vaccination, higher
titers were commonly observed in the fetal than in the
maternal blood.

To clarify the effects of previous vaccination or
infection, we also attempted to evaluate the results in
relation to preexisting immunity and each patient's
history of vaccination or infection. However, this was
difficult to evaluate because not all the same antigens
are used each past year to construct the vaccine and it is
difficult to identify the infecting viral strains in each
patient from a routine clinical examination.

DISCUSSION

Evaluating the clinical efficacy of vaccines is of prime
importance for effective public health. However, the
outcome of vaccination will depend on determining
the appropriate vaccine for the strains anticipated to
cause influenza in the following season and on many
other factors such as each patient’s history of influenza
infection or vaccination and the clinical features of each
particular infective strain.

Immunological evaluation of immune responses to
influenza vaccination during pregnancy has not been
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TABLE III. Th1/Th2 Cell Balance in the Responder Group

Distribution
Total® Responder Percentage in Average Th1/Th2
Th1/Th2 ratio (%) (n=_80) n=72) each range (%) ratio® (mean + SD)
<9.9 52 48 92.3 7.2+1.7
10-14.9 15 13 86.6 12.7+1.5
15-19.9 9 8 88.8 17.0+1.1
>20 4 3 75.0 37.9+5.5

“Vaceinated numbers without the number of preexisting immunity group.
®Average Th1/Th2 ratio in responders.

TABLE TV. Comparisons Between Second and Third Trimester

Trimester
Analysis Second (n=45) Third (n=27) P
Immunized rate (%)* (n = 80) 91.8 (45/49) 87.1 (27/31)
(responders/total subjects)
Maintenance of elevated antibody level (%)® 66.4 + 26.8 94.0+309  <0.001
Transplacental transfer rate (%)° 161.1+70.6 127.4+£84.8 0.020

“Percent of subjects showing antibody response among the vaccinated subjects without nonresponsive with
a high titer immunity (n= 80).

he rate of maintenance of an antibody level was calculated from the HI antibody titer in maternal serum
at the time of delivery, relative to that measured at 1 month after vaccination.
“The transplacental transfer rate was calculated from the HI antibody titer in the serum of fetal umbilical
cord blood, relative to that of maternal blood measured at the time of delivery.
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conducted to date. Herein, we examined the effect of
influenza vaccination in pregnancy on the Th1/Th2
ratio, on maintenance of the specific antibody response
and the efficiency of transplacental transfer of the
antibody to the fetus. Our aim was to determine the
optimal timing of influenza vaccination in pregnant
women. Therefore, our focus was not on evaluating the
relationship between presence of the antibodies and the
prevention of infection. We first clarified the alterations
of the Th1/Th2 balance during pregnancy. Contrary to
expectations, the balance was not significantly altered
in the 65% of the pregnant women who had a Th1/Th2
ratio of lower than 9.9% in the first trimester. Subjects
with a Th1/Th2 ratio of higher than 10% in the first
trimester showed a tendency towards a decrease of the
ratio, that is, a predominance of Th2 cells as gestation
progressed. Although some systemic alteration of
the balance was observed, this was not found in all
pregnant women. These findings might be helpful
to explain the alterations in diseases in which the
pathogenesis, progression and improvement are
affected by pregnancy, such as autoimmune and allergic
diseases. The efficiency of the inactivated influenza
vaccine was not influenced by the Th1/Th2 status. There
were also no significant differences in the immunization
rate between the second and third trimesters of
pregnancy. It is conceivable that the same result would
also be obtained for the first trimester on the basis of the
Th1/Th2 status (Fig. 2). This outcome suggests that
there might be no restriction related to the timing
of influenza vaccination during pregnancy and also
supports the recommendation of the ACOG or CDC in
different ways.

The maintenance of an antibody level depends on
the time elapsed after vaccination. Accordingly, the
titers in these women decreased with time and were not
related to the gestational stage. In contrast, the transfer
rate from the maternal blood to the fetal blood at time
of delivery tended to be inversely correlated with the
duration of gestation after vaccination. The discrepancy
might be accounted for by the time needed for receptor-
mediated active transfer [Englund, 2007]. The presence
of higher titers of antibodies in the fetal blood than in the
maternal blood may also be related to the mechanism of
active transfer.

In conclusion, a successful immunization rate of
approximately 90% after vaccination was independent
of both the Th1/Th2 balance and the stage of gestation.
Although the antibody titers in maternal and fetal blood
were affected by the timing of vaccination, vaccination
at any time during the gestational period yielded
sufficient antibody titers, in theory, to afford protection
against infection. Therefore, we consider that efficient
influenza vaccination can be undertaken at any stage of
pregnancy.
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