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Mycophenolate mofetil (MMF) (CellCept®) is an immunosup-
pressant drug that is teratogenic in rats and rabbits. Reports of
malformations in 13 offspring of women exposed to MMF in
pregnancy raise concern that MMF is also a human teratogen.
We report an additional child with malformations following
prenatal exposure to MMF and review the other 13 reports. We
identified a Cambodian male born at 31 weeks’ gestation to a
mother who had been treated for lupus nephritis with MMF from
before conception to 12 weeks’ gestational age. He had bilateral
moderate-to-severe microtia, external auditory canal atresia,
bilateral conductive hearing loss, mild microcephaly, and ap-
parently normal development. Among the 14 MMF-exposed
offspring now reported, the underlying maternal conditions
were kidney transplantation (7), lupus nephritis (4), liver
transplantation (1), heart transplantation (1), and recurrent
erythema multiforme (1). All were exposed in early pregnancy.
The most distinctive malformation was moderate-to-severe mi-
crotia or anotia (12), with external auditory canal atresia in 9.
Other common craniofacial malformations and minor anoma-
lies included orofacial clefts (7), hypertelorism (3), coloboma
(3), and micrognathia (3). Six had cardiovascular malformations,
of which three were either conotruncal or aortic arch defects.
MMEF dose, reported in 12 patients, was <1 g/dayin4and 1g
or more/day in 8; no correlation between dose and phenotype
severity was apparent. While case reports have limited value
in identifying human teratogens, the unusual distribution of
malformations among the 14 reported exposed offspring iden-
tifies a phenotype suggesting that MMF is likely a human
teratogen. © 2009 Wiley-Liss, Inc.
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INTRODUCTION

Mycophenolate mofetil (MMF) is a relatively new immunosup-
pressant used in transplant patients to prevent rejection and in
autoimmune conditions to reduce inflammation. MMF, a prodrug
of mycophenolicacid, is marketed under the brand name CellCept®
(Roche Laboratories, 2007) and was approved by the U.S. Food
and Drug Administration (FDA) in 1995. MMF blocks purine
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biosynthesis through inhibition of the enzyme inosine monophos-
phate dehydrogenase, thus reducing DNA synthesis and inhibiting
T- and B-lymphocyte proliferation. MMF also induces apoptosis of
T-lymphocytes and reduces synthesis of antibodies [Allison and
Eugui, 2000].

The use of MMF in transplant patients has increased over time
[Kaufman et al., 2004; Hesselink and van Gelder, 2005]. In the U.S.,
MMEF is now used by nearly 80% of kidney transplant patients and
about half of liver transplant patients [Kaufman et al., 2004; Meier-
Kriesche et al., 2006]. Off-label use for autoimmune diseases, such
as systemic lupus erythematosus (SLE) and dermatologic condi-
tions, such as psoriasis [Gregoor et al., 2000; Callen, 2001; Frieling
and Luger, 2002; Liu and Mackool, 2003], may lead to even wider
use. Because pregnancies are occurring more frequently in trans-
plant patients [McKay and Josephson, 2006], and autoimmune
conditions often occur in women in their childbearing years, it is
critical to determine the safety of MMF use during pregnancy.

Premarketing animal studies documented that MMF is terato-
genic in both rats and rabbits [Tendron et al., 2002; Roche Package
Insert, 2007], and the package insert initially included an FDA
pregnancy category rating of C (human data lacking, animal studies
positive or not done; interpreted to mean that the risk of fetal harm
cannot be ruled out). Subsequent data from a transplantation
registry and case reports in offspring of women who took MMF
in pregnancy have increased concern that MMF may also be
teratogenic in humans [Pérgola et al., 2001; Armenti et al., 2004;
LeRay et al., 2004; Kallén et al., 2005; Sifontis et al., 2006; Perez-
Aytes et al., 2007; Sebaaly et al., 2007; Tjeertes et al., 2007; Ang et al.,
2008; Schoner et al., 2008; Velinov and Zellers, 2008; Vila et al.,
2008]. These data led the FDA to recently change the pregnancy
category to D (human data show risk; benefits may be viewed as
acceptable in some instances) (http://www.fda.gov/medwatch/
SAFETY/2007/Myfortic_DHCP_Letter.pdf).

We describe another patient with malformations who was
exposed in utero to MMF, and review the evidence to date regarding
the possible human teratogenicity of MMF.

This Cambodian male was born by vaginal delivery to a 19-year-old
primigravida mother at 31 weeks’ gestation. The pregnancy was
complicated by lupus nephritis, and the mother was treated with
MMF (1 g bid) for the first 11-12 weeks of gestation and
with prednisone throughout the pregnancy. Hydroxychloroquine
and lisinopril were discontinued in early pregnancy. Delivery
was induced at 31 weeks’ gestation because of intrauterine growth
restriction. The birth weight was 980 g (less than 10th percentile),
length was 37 cm (10th percentile), and head circumference was
26.5 cm (less than 10th percentile). He was noted to have bilateral
microtia, with a slightly small right pinna and preauricular pit. The
left pinna was malformed, elongated, about one-half of normal
width and had no external auditory canal. There was a sacral dimple
with a small tuft of hair, but spinal ultrasonographic examination
was normal. His foreskin was tethered, and bilateral inguinal
herniae were surgically repaired at age 7 weeks. Renal ultrasound
was normal. Audiology studies showed a bilateral moderate-to-
severe conductive hearing loss; he was fitted with bone conduction
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hearing aids and enrolled in an early intervention program (see
Fig. 1). Chromosome analysis was normal, but oligonucleotide
microarray analysis showed a 12p13.2 duplication, which was
inherited from a phenotypically normal father and presumed to
be a benign copy number variant.

Psychomotor development appears to be age appropriate by
parental report and informal observation: He walked at the age of
1 year, and when last seen at the age of 3 years and 7 months, he was
socially interactive, spoke in 3- and 4-word sentences, knew several
signs, attended a regular (not special education) preschool, counted
to 10, and recited most of the alphabet. Growth charts indicated
catch-up growth into the low normal range for height by 21 months,
which subsequently increased to the 50th percentile; his weight
reached the 25th percentile by the age of 3 years. However, his head
circumference had fallen to less than the 5th percentile. Cerebral
imaging is planned for the future.

This additional report of a prenatally exposed infant adds to the 13
other reports currently available (summarized in Table I) [Pérgola
et al., 2001; Armenti et al., 2004; LeRay et al., 2004; Kallén et al.,
2005; Sifontis et al., 2006; Perez-Aytes et al., 2007; Sebaaly et al.,
2007; Tjeertes et al., 2007; Ang et al., 2008; Schoner et al., 2008;
Velinov and Zellers, 2008; Vila et al., 2008]. Of these 14 reports, four
were ascertained through the National Transplantation Pregnancy
Registry and the remainder were case reports. Three of the reported
cases were elective pregnancy terminations and 11 were liveborn
infants; among the latter, 6 of 9 with known gestational age had been
delivered preterm (<37 weeks’ gestation).

Craniofacial malformations were reported in 12 of the 14
offspring; among the most common were moderate-to-severe
microtia or anotia (12 infants), and among those, 9 had atresia of
the external auditory canal. The malformed pinnae depicted in
selected reports were elongated or cupped (reprinted with permis-
sion from publisher in Fig. 1). Orofacial clefts (affecting seven
infants) included cleft lip and palate (four), cleft palate (two), and
bilateral oblique facial cleft (one). Hypertelorism was reported in
three patients and is also suspected from our review of the photo-
graph of the patient reported in Ang et al. [2008, Fig. 1B]. Micro-
gnathia was reported in three patients. Ocular malformations were
noted in five infants and included colobomas in three (chorioretinal
coloboma in one; eyelid, iris, and retinal coloboma with severe
microphthalmia and complex retinal dysplasia in one; and iris and
chorioretinal coloboma in one). One additional infant had an
unspecified “iris anomaly” and another had “left eye microftalmia”
[sic]. Cardiovascular malformations (CVMs) were present in six
infants and three of those had conotruncal and/or aortic arch
defects and one was described as an unspecified “complex’ defect.
Three patients had a kidney defect (one each with renal agenesis,
kidney “asymmetry” (possibly hypoplasia), and pelvic kidney).
Two patients each had esophageal atresia and agenesis of the corpus
callosum. Digital anomalies in four patients involved a reduction in
size, such as hypoplastic nails in two infants, and brachydactyly and
digitalized thumbs in one each.

Psychomotor outcome data are sparse for the 10 evaluable
infants [present patient; Pérgola et al, 2001; Armenti et al.,
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FIG. 1. Comparison of the facial appearance of patients with MMF embryopathy (five selected from literature, one new). A: Figures 1 and 2 [LeRay et al.,
2004]. B: Figure 1 [Tjeertes et al., 2007]. C: Figure 1a [Ang et al., 2008]. D: Figure 1a,b [Perez-Aytes et al., 2007]. E: Figures 2 and 1 [Velinov and
Zellers, 2008]. F: Present patient: a, b, and c. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

2004; Kallén et al., 2005; Sifontis et al., 2006; Perez-Avytes et al., 2007;
Tjeertes et al., 2007; Ang et al., 2008; Velinov and Zellers, 2008;
Vila et al., 2008]. Agenesis of the corpus callosum has been noted in
two patients and the present patient has microcephaly, but appears
to be developing normally at 31/, years.

Comparison With Other Syndromes

The constellation of craniofacial malformations and minor anom-
alies present in the patients exposed to MMF has some overlap with
a few familiar syndromes, but the disorders should not be confused.
These include CHARGE syndrome [Sanlaville and Verloes, 2007],
hemifacial microsomia [Vento et al., 1991], also known as ocu-
loauriculovertebral dysplasia or facioauriculoverterbral spectrum,
and retinoic acid embryopathy [Lammer et al. 1985; Lynberg et al.,
1990; Lammer, 1991]. The rare hypertelorism—microtia—clefting

syndrome (HMC) (Bixler syndrome) [Verloes, 1994; Amiel et al.,
2001] should also be included in this differential diagnosis. Schoner
et al. [2008] suggested that the severe oblique facial clefts and
digitalized thumbs (approximating a triphalangeal thumb) in the
terminated fetus resembled a severe form of Nager syndrome
[McDonald and Gorksi, 1993; Opitz et al., 1993], which would
be an atypical presentation.

Assessing Teratogenicity Based on
Established Principles

Several factors have been suggested as helpful in assessing a poten-
tial teratogen [Table I in Brent, 1993; Shepard, 1994]; these include
(1) epidemiologic studies demonstrating an association between an
exposure and adverse birth outcome, (2) evidence of teratogenicity
in experimental animals, (3) temporal plausibility of the exposure/



AMERICAN JOURNAL OF MEDICAL GENETICS PART A

1244

(panunuoy)

17 uleiq [ewlou
XX'9p oluwy
adfyofisey

Jewoy ,, Answwhse,

Raupry oo €108
Jouaiue, ‘gSA ‘s|ieu
ansejdodfy ‘Afyoephjogd

11e39) sdouphiy

uvm«mmmm:m
dwoipufis sufiiy,
"'SON “20949p Meay
|eyuaduo) “ejulay

anewselyderp jeyuaduo)
SON “123jap delpied
x3|dwod pue

eisalie |eadeydosy

wnso|ea sndiod
sisauade ‘Aaupry
21d0323 J1Ajad Y]

q«Shaeydosa pue
£3YdeI) U3IMIa]
|9ssan poojq
Jue.Iaqy,, 1aduly
Yyly pauaioys
Ailesareng
'S|leuan) pue
133uyy ansejdodAy
.1ed dgtdnp
HIJe "AX'9Y
—adfyofiey poolq
|eyeusod -ajdwip
|esdes “aelulay
Jeuindur [eJaxe|ig
"aja20.4phy Yya
"uIYsa104 palayia]
FET)

ewoqo|0d
|eunaJ-oloyd
|ea1e|iq
‘wisiiojayadhy

‘elyyeudoldiy

fijewoue si|

wsiojayadhy
‘elyreudoldiy

yuasaid JoN

yuasaid JoN
CILYWEIT)

/di 4912

ssaujeap
SAIINPUOI 3I9ASS
1saje Jy3
SaA 319A3s ‘|esae|ig

elsale Jy3
oN |elaie|iq ‘enouy

1e3 33 Jy3 ‘sax

EEN

SaA EEN

yuasaid JoN yuasaid JoN

Isane Jy3
Sa\ ‘19A3S ‘|esale|ig

ssauyeap
SaA SA}INPUOI ‘S3A

yuasald JoN yuasaid JoN

131 uo pjiw
‘)3| ssaujeap
9AINPUOI
9)eJ3PO "Y3| I3
yd Jsejnaunealy
'313A3s ‘|elale|ig
sso| upieay
eROIN

yuasald JoN
ajejed

syjuow @ e
yuawdojanap |ewloN
‘3 050‘€—B1am Yuig

‘Sy9am T ‘9jewa

d0L ‘syaam §2

3 0ge2
‘SY3aMm G¢ ‘slep

3 9882 ‘syaam BE ‘SN

7 fiep uo paip
3 §57°2—yBom
yuIg ‘sY9am GE ‘SN

401 ‘ywmoid jeunou,
‘syaam 22 ‘ale

sieafi ¢ 1e |]am Buiop

‘Alparioday

B TEST—yBIom
yuiq ‘syaam 1€ ‘SN

sieafi g 1e |]am
Buidojanap ‘Aiparioday

“(31% ws2—0T) W §°62

JH uig "(a1%s¢2)
3 052'2—wW31em Yuiq
‘SY9aM € ‘alewa

sieafi ¢ 1e

yuawdo|aAap [ewloN

‘3 086—1uBIaM yuIq
‘SYaaMm T¢€ ‘9l

1doputiag
(Raueudaud
J0 syuow 1sey)

edopjfiyyaw ‘(Aoueudaid

40 syluow 1sey)
ejle unaodaglep

‘(¥ ywuow) jopuadojey

‘(¥ yiuow) wedazeip
‘wedazenu ‘auidezue|g

1aopaRay

Jinopdfioe ‘unidse

unaiodoiyifisa ‘sujweyia

Jeyeuaud ‘apiwasouny
‘lojosdoyaw “auidipojwe

pioe aijoyafixoaposin

weuoalyze
‘unatodoiyifise
“11A0[210ued
‘ufwepuid

‘gjozesdawo ‘|ojoyage

SUlWEeA

|eyeuasd ‘uour [eso

‘auipnowey ‘1aoafioe

‘uopnjos uneishu

‘a|0zeX0y1auWey|ns
/wndoyiawy ‘auidipajiN

uaydoujwe)ase

‘Q UlweA

‘wniojed ‘sujweln

jeyeuasd ‘uolr [eso

‘auinboiojyafixoiphy
‘udouisry

f. 1e

Ip 2410

S)aaM QT
(Rep/Bw 21) snuijoide]

auinboiojyafixoiphy
‘(SN asop) auosiupaid

SHI9M G2

(Aoueudaud wnoy3noiyy) SN asop
auojosjupaid ‘Aoueuda.d

‘(SN @sop) snuijoloe] ynoy3noay)
(SN @sop) auosiupaid SYaaMm GT

‘(SN @sop) snwijoioe]

fiaueudaid

(SN @sop) auosiupaid 1noy3noayy
*(SN asop) snwijosde] piq 3w 052

(SN @sop) auosiupaid SN asog

‘(SN @sop) snwijoioe]
(Rsanijap 0y
SY2aMm £ woly
fiep/3w 0g)
auudoiyyeze
‘(Rep/Bw §T)
auosiupald
‘(Rep/8w g) snwijoide]
(sX9am p2 1e
pappe) uinqo|3
ayfoowhyy
-nue ‘(Rianlap o)
YEEN)
wouy) snwijolis
‘(SN asop) auosiupaid
‘(SN @sop) snwijoloe]

Syaam €7

SY3aM {2 |hun

fuaaliap mun pig
Bw Qg ‘syaam gz
jnun piq 3 7 1593
SHaaM /—g

Hmmv\wE s2)
auosiupaid
‘(Rep/8w ¢) snwijoioe]

S)aam 2T 1e
panunuoasig

"dT 840439

fiep ayy uo payieisal
Ng ‘syluow 2 Joy

(SN @sop)  fiyauq o yyuow T oy
auos|upald
sjuessaiddnsounwu T
3yig

1un fep/Bw 0og

wun piq 3 T

un piq 3 7

Roueudaid Apes,

|nun fiep/8w 0o

piq 3w 005

1e pajuejdsues)

:Aep e 2o1m) B T p|o-1eah-gT uelpoquie)

jyuedsuesy Aaupry

“UNA pasoudelp

ale7 “Jayiow
pjo-1eafi-gz ‘ysiueds

[¢002] B0
saifiy-zasad QT

yuejdsuesy
noyim siuydau
375 “plo sieafi T2

[¢002]
‘le 1o fileeqas g

yuedsuen Aaupry
“4NA "€9eSTdS9
‘@ayyMm ‘plo siesh gg

[2002]
‘leya saudal] 8
(v d) [9002]

wejdsuely Raupiy "SN ‘le1a shuoyis ¢

(€ 3d) [9002]

uejdsuesy Raupiy ‘SN ‘le 13 shuoyis g
yue|dsuesy JaAI

‘po sieafi g2

[s002]
el ulRy S

yuedsuesy Aaupry

Aydone jeuas, gys3 [v002]
“3UYM 19 plo-teafi-22 ‘e fieyer v

[9002

.._m 13 SIuUoyIS

j0 21d] [v002]

yuejdsuesy Raupiy ‘SN ‘le 3o puawly €

yuejdsuesy
fsupry puoaas [9002
ABojona seajpun, “le 33 SpUoyIS

0¥S3 "WQ leuoneisald
2d€9 ‘plo-seahi-g¢

0 71d] [1002]
‘leyd ejodlad 2

yue|dsuelsy
uesio Jnoyym
siydauojniawo|3
375 “1ayow
ydyussaly T
(s)uonipuod pue 92In0s 3d #ud
S10308) |BUIIEN



1245

ANDERKA ET AL.

SIsouals
anjea Aseuownd
14317, elulay [ealjiquin
1B Jauul JO S3INYINAS
pue wniqaiad jo [YW
Jewyou ‘sydesdoipes
|e1g3LIaA ‘weldouos
|eual ‘wesdoipieaoyda
Jeunsou yuawdojanap
aAnudod jewoN
SIS01103s ‘XX‘9t
SAJ fidodouayd
133eN 9|qissod,,
‘Aiayie [ealiquin
3[3uIS 19343p qui
‘aeIgaLIaAIWBH
‘Aieno yeans
‘sisauaie |euas Ya
‘eisalye [eadeydos]
'YISYY ‘snsouaue
snaunij squinyy
pazievdip [eJae|ig
“JH PlIW ‘winsojjed
sndiod sisauady

annedau
:uoI3[apoIdIW
T1b22 XX'9Y
‘AlRvoephAyoesg
Jayip

[o1s]
1wjeyoIoIw
afia ya,

deB aunejed

a|qissod
ol
wsliojayadhy
afia B
3y} Ul BWoqo|0d
|eunaJloloyd
pue sul 3y 3uoN

syoeleled ‘siqlo
pue ejjixew
yuasqe ‘eisejdodfy
Je|ngipuew 313Aas
‘uoieIo|SIp SUd|
‘elwleyiydoldiw 91995
‘ewoqo|o3 [eunal
‘s ‘pijaha
elyreudoloiw
‘eloejew
-09yJel) I13A3S
*di] J1amo| paliana
‘spjoj [eyyuedida

d/19 pue yap
e1oey [eJaje|ig

‘wspojayadhy fijuo
‘SMOIQ Paydly ayeled Yya|)
|e1aey J8y1Q ajejed
/di ya1)

ed sejnauine

JO UOlEULIO) peq],

‘Ajjesarelq
eisaile Jea

d|ppiw pue Jy3 YUIQaAI]

sso| Bulieay
SA1I2NPUOD
|eJale|iq 8 006'2—yBlam
‘eisane Jy3 yiq ‘syaam of
‘erjoJdiw |esale|ig ‘YuIganl| ‘ajeway
pawuoyiad

fisdoiny ‘sajjewoue
alanas ajdnnw
‘SY9aM /T 401 ‘9lewa

eisane Jy3
‘(enoue [enyA)
919A3S [eJale|ig

yoaads
yueayudis “Joyow pliw
‘Aejap yuswdojanap

eisane Jy3  [eqo|9 3 2y p—iydiom
9J9A3S |elale|lg yuliq ‘syaam 2¢ ‘sjeway
sso| Buneay fuewwns |ejeuocapn
eIOIIN

‘(pn 8w gg) wazen|ip

uoneslpaw JayiQ

auidazewequed
(Rep/Bw g)
auosiupaid
‘(p1g Bw ¢) snuijoioe]

‘(Rep/dw ov)
uneiseAeld

auoN auoN

(3noy3naiyy piq

3w pg) sundoiyreze

‘(SN anpayas ‘3w gog)
apiweydsoydojofy

[CEELSENCENENE]
3w o) qewnwijepy
sjuessaiddnsounwuwy
13430

‘ydesBojoyd |eaiui|d Jo maiaal uo paseq wshiojayiadAy aaey oy m:mmnES

-eisejdodfiy [euas a|qissod aq Rew shaupiy jo  fAnswwhsy

na

‘asA edfy-uawuBiiejew ajqissod e aq fiew  eioe souaiue, Yum aSA,
~dwoupufis (a1s) s,ufi4 yam suonewIoslew [eINYINNS PaAIASAO 3say) Jo uoneldosse 3|qissod e 15a33ns spiodal [ealpaw,, 1ey) Bunels apew sem sisoudelp siyy moy fyioads you op [9002] ‘|e 19 ShuoyIS,
‘Rlewoue yate 4310 awios 1o ‘A1aiie ueiae|dgns Juesaqe ajqissod sardwi uonduasap siyy leyy Sm%:mg

‘payuayul fijeussied sem yoiym dz ve uoneaijdnp pamoys sisfijeue fielieoaiw awosowoiyd ‘HaJe,
"XN|aJ [e43331N-021SAA ‘YNA 19343p [erdas Jenaiuan ‘gsA ‘houeuldaid jo uoneujwsy ‘4ot ‘snsolewayifisa sndnj ajwasshs ‘375 “uaned 44 ‘payioads jou 1o ‘parels Jou ‘SN

foueudaid jo

sy9am § 1e piq

8w pge 03 padueyd
P13 BW 00S JWIW

Aoueudaid jo

393M U1G 3y
Buunp sfiep 1 10j

P 3w 00S 4WW

8 93m 0}
uondasuod
03 Joud piq

052-052 ‘4NN

foueudaid jo
SHaaM g
1s1l4 ‘piq Bul 0OS
ELLL

Jajow ayejouaydoafiw ‘W ‘Aleydasoiphy ‘gH ‘aseasip |euas adels-pua ‘gys3 ‘jeued Aioypne [eusaixa ‘Qy3 ‘sniljjaw sayaqelp ‘wWa ‘Burjdwes snjjia auoloyd ‘A7 ‘Ajuo ayejed 1a|d ‘pdJ ‘axejed pue dij Yaja ‘d/1] ‘Riavie uelaejdgns B JueLIdge “YISYY

'[2002] ‘le 1o safiy-zasag wouy pardepe ajqe|

J13pIoSIp 3INz|as
‘an|iey yeay

aAnsaduod
213A3S 10}
Jue|dsuesy veay [8002]
‘plo sieafi g e EIA T
auuoynnw
ewayifisa [8002]
1U31IN23Y "AUYM ‘leya Buy €7
yuejdsuesy [8002]

NOYUM TS BUYM (e 33 43UoYIS 2T

jue|dsuels) 3Jnoyym
siuydau ‘315 “foelg
(s)uonipuod pue
$1030€j |BUIAIEN

[8002] s13l19Z
pue AOUIlBA TT
92In0S 3d #ud



1246

disease relationship, (4) evidence of a dose—response relationship
between exposure and outcome, and (5) a biologically plausible
mechanism by which the agent could act to produce the birth
defects observed.

A recent editorial addressing MMF exposure highlights the fact
that “astute” observations can be helpful in inferring potential
consequences of an exposure during pregnancy [Carey, 2008].
Reports of individual cases or case series recognized by attentive
clinicians may provide the initial indication that adverse outcomes
might be occurring, particularly when a rare exposure is associated
with a rare defect or a distinctive pattern of defects [Carey, 2002].
However, case reports alone make it difficult to ascribe teratoge-
nicity because they are subject to biased reporting and lack a
denominator, limiting the ability to estimate the frequency of an
outcome following the exposure. Formal epidemiologic studies
related to MMF in pregnancy have not been published, probably
due to the fact that use of the drug, while increasing, has not been
sufficiently high to make such studies feasible. Such studies would
provide magnitude to the risk estimates, not possible with case
reports.

Two aspects of the currently available human data contribute
support to the view that MMF may be a human teratogen. First, as
detailed below, review of the 14 reported cases suggests a specific
pattern of malformations, although reporting bias is always a
possible explanation. Second, it is noteworthy that 4 of the 14
exposed/malformed patients were observed as part of the National
Transplantation Pregnancy Registry, which included 23 women
with 32 pregnancies exposed to MMF [Armenti et al., 2005]; 14 of
these pregnancies resulted in spontaneous abortions. Among the 18
pregnancies that resulted in livebirths, 4 (22%) were associated with
malformations in the offspring. However, reports to the pregnancy
registry were voluntary and pregnancies with abnormalities may be
more likely to be reported to the registry, resulting in an overesti-
mate of the frequency of defects among exposed offspring [Kennedy
et al., 2004].

Studies in rats and rabbits both demonstrate an increased risk for
birth defects among exposed animals. In rats, the MMF-associated
malformations were seen at doses lower than or roughly equivalent
to human doses and included anophthalmia, agnathia, and hydro-
cephaly. In rabbits, ectopia cordis, ectopic kidneys, diaphragmatic
hernia, and umbilical hernia were seen [Tendron et al., 2002;
Sifontis et al., 2006; Schoner et al., 2008]. Birth defects observed
in both animal studies and case reports in humans included
diaphragmatic hernia, ocular, heart, and kidney defects. The most
common defect observed in humans, microtia, was not seen in the
animal studies. While animal models often do not predict the
human response [Carney et al., 2004], the concordance for many
MMEF-related defects between animal studies and human data is
noteworthy.

With respect to temporal plausibility, in all infants born to
mothers exposed to MMF, the timing of exposure was known and
included the first trimester of pregnancy—timing consistent with
the period of organogenesis for the observed malformations. In the
infant reported by Ang et al. [2008] with bilateral microtia, absence
of the external auditory canals, and right iris and chorioretinal
coloboma, a narrow window of exposure was reported (4 daysin the
5th week of pregnancy [7th week after LMP]), but this exposure
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timing is consistent with the malformations observed (microtia and
coloboma) [Moller, 2005]. Among the 14 cases reported, there was
no apparent relationship between MMF dose and phenotype
severity (see Table I).

As is the case for most known teratogens, it is difficult to infer a
biologic mechanism by which MMF might be teratogenic. It is
known that MMF crosses the placenta [Tendron et al., 2002] and
that this prodrug of mycophenolic acid is a reversible inhibitor of
the enzyme inosine monophosphate dehydrogenase, which is
necessary for de novo purine synthesis. Although most cell types
can generate purines through either de novo or salvage pathways,
lymphocytes are dependent on the de novo pathway; thus, MMF’s
major therapeutic mechanism of action is to decrease DNA pro-
duction, resulting in a cytostatic effect on B- and T-lymphocytes. It
is unknown whether MMF could have a similar effect on rapidly
growing cells of the embryo, and how its actions might specifically
result in the malformations observed is unclear.

Although our review of the evidence supports the premise that
MMEF is a teratogen, several challenges exist. All of the exposed
mothers had serious underlying conditions and these conditions
could themselves increase the risk for birth defects [Kallén et al.,
2005; Phadungkiawattana et al., 2007]. However, observation of a
pattern of malformations in the offspring of women receiving MMF
for different underlying conditions (e.g., post-transplant, lupus
nephritis, erythema multiforme) adds weight to the findings that it
is the MMF, and not the underlying disease, that may be teratogenic.

Another challenge is that all but one (patient #13, Table I) of the
MMEF-exposed mothers had received additional immunosuppres-
sive medications. Eight mothers received prednisone and tacroli-
mus, another tacrolimus alone, and another two prednisone alone.
Of note, however, three patients (patients #11, #12, and #13,
Table I), who were not exposed to either prednisone or tacrolimus,
had significant ear defects. Azathioprine was taken by the mothers
of two reported patients—one throughout pregnancy and one after
the first trimester only. Azathioprine has been shown to cause
skeletal and visceral anomalies in mice and rabbits. One patient
exposed to both MMF and azathioprine had skeletal malforma-
tions, in addition to those defects consistent with MMF exposure
(patient #12, Table I) and possibly was adversely affected by both
exposures to both medications. None of the other medications to
which women were exposed is known to be a teratogen, although
information on the safety of these medications during pregnancy is
severely limited [Lo and Friedman, 2002].

A recent commentary argued that based on rarity of exposure to
MMEF, consistency in the pattern of malformations observed, and
biological plausibility, a causal association between MMF and the
malformations is likely [Vento et al., 2008]. Despite the support
provided by the registry data and the distribution of defects seen
in the reported cases, definitive evidence that MMF is a human
teratogen would best come from formally conducted epidemiologic
studies that could provide information on both the frequency and
nature of malformations among exposed infants relative to appro-
priately selected unexposed infants.
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Caution is needed in interpreting clinical case reports that associate
drug exposure with isolated malformations. Based on this case
report and the available literature, including the experience of a
transplantation pregnancy registry, we believe the pattern of mal-
formations and minor facial anomalies is sufficiently consistent to
support MMF as a likely teratogen. In a fetus or infant who has been
exposed to MMF, detection of this pattern malformations and
minor facial anomalies (bilateral microtia, orofacial cleft, colobo-
ma, hypertelorism, micrognathia, conotruncal CHD, agenesis of
the corpus callosum, esophageal atresia, digital hypoplasia) should
prompt consideration of the embryopathy.

We would like to thank our patient’s parents for their cooperation
and are deeply grateful to Cathleen Higgins and Roberta Aucoin for
data assistance and medical record abstraction. Meaghan Muir
assisted by searching for literature. The use of trade names does not
indicate an endorsement of those products.
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