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RESULTS

Tumor-homing peptides bind to epitopes expressed at the
murine maternofetal interface
To examine whether selected tumor-homing peptides could be
exploited for placental targeting, we intravenously injected T7 bacterio-
phage displaying the surface peptide CGKRK or CRGDKGPDC
(iRGD) into pregnant mice. Quantification of phage titers showed
significant enrichment in placental tissue compared to other organs
(Fig. 1A). Next, we synthesized the individual peptides, labeled them
with 5(6)-carboxyfluorescein (FAM), and intravenously injected them
into pregnant mice. Histological analysis showed that both FAM-
CGKRK and FAM-iRGDbound to the labyrinth (the region of nutrient
exchange) and to the decidual spiral arteries (the maternal component
of the placenta), but not to the junctional zone (the endocrine compo-
nent of the placenta) adjacent to the labyrinth, atmultiple time points in
gestation (Fig. 1, B to G). The peptides did not accumulate in the vas-
cular beds of other major organs but were excreted via the kidney (fig.
S1). The previously characterized control peptide FAM-ARALPSQRSR
(FAM-ARA) did not target the maternofetal interface (Fig. 1, H to J).
Immunostaining with antibodies to the trophoblast marker cytokeratin-
7, the vascular endothelial marker MECA, the junctional zone marker
trophoblast-specific protein a (Tpbpa), and the labyrinthine markers
cathepsin Q (Ctsq) and glial cells missing (GCM-1) revealed that
FAM-CGKRKcolocalizedwith the endotheliumof unremodeled decid-
ual spiral arteries and also with endovascular trophoblast lining remod-
eled vessel segments (figs. S2, A and B, and S3A). FAM-iRGD showed a
similar binding pattern (figs. S2, C and D, and S3E). FAM-CGKRK
and FAM-iRGD also bound to vascular endothelial cells and tropho-
blast cells within the labyrinth (figs. S2, E and F, and S3, B, C, F, and G).

Repeated administration of CGKRK or iRGD during pregnancy
does not adversely affect pregnancy outcome in mice
To determine whether peptide binding interfered with normal placen-
tal function or was affected upon reproductive outcome, we injected
pregnant mice with vehicle [phosphate-buffered saline (PBS)] or pep-
tide (100 mg per mouse) on embryonic day 11.5 (E11.5), E13.5, and
E15.5. Fetuses and placentas were collected and weighed on E18.5.
Intravenous administration of peptide had no effect on litter size,
number of resorptions, fetal weight, placental weight, or maternal
weight gain (Fig. 2); however, iRGD modestly increased fetal to pla-
cental weight ratio (P < 0.01; Fig. 2E). Treatment did not alter rates of
proliferation or apoptosis in the mouse placenta at E18.5, as measured
by Ki67 and active caspase-3 immunostaining, respectively (fig. S4).

Tumor-homing peptides accumulate within the
syncytiotrophoblast layer of human placental explants
To assesswhether FAM-CGKRKandFAM-iRGDbind to the surface of
human placenta, we incubated explants of human first-trimester or
term placental tissue with peptide for up to 24 hours. FAM-CGKRK
rapidly accumulated within the outer syncytiotrophoblast (STB) layer
of first-trimester placenta and was retained within the STB, rather than
penetrating into the underlying cytotrophoblast (CTB) layer (Fig. 3A).
Fluorescence within the villous stroma was noted occasionally but
King et al. Sci. Adv. 2016; 2 : e1600349 6 May 2016
correlated with loss of the overlying STB. Following a 24-hour
pulse-chase experiment, FAM-CGKRK was still evident within the
STB. Similar data were obtainedwhen FAM-CGKRKwas culturedwith
term placental explants (Fig. 3B). Fluorescence colocalized with the
trophoblast marker cytokeratin-7 (fig. S5, A and B).

Uptake of FAM-iRGD into the STB of first-trimester placenta
followed different kinetics: Fluorescence was only detected after 30 min
of incubation, although FAM-iRGD continued to accumulate within
the STB layer after this time (Fig. 3C). Similar data were obtained
when FAM-iRGD was cultured with term placental explants (Fig. 3D).
Again, FAM-iRGD was only observed in the underlying tissue when the
STB layer was damaged or lost, and fluorescence colocalized with
cytokeratin-7 immunostaining (fig. S5, C and D). In contrast to FAM-
CGKRK, minimal fluorescence was evident after 24 hours. FAM-ARA
didnot bind to the syncytiumof humanplacenta or to other cellular com-
ponents (Fig. 3, E and F). To ensure that peptide binding did not alter
trophoblast cell turnover, we incubated human first-trimester placental
explantswith vehicle orpeptide forup to48hours. TreatmentwithCGKRK
or iRGD did not alter basal rates of CTB proliferation (Fig. 3G), but iRGD
treatment modestly reduced the rate of CTB apoptosis (P < 0.05; Fig. 3H).

Membrane-associated calreticulin is a receptor for CGKRK
Previous studies have identified av integrins as the receptors for iRGD
in tumors (20); in keeping with this, FAM-iRGD colocalized with integ-
rin av in themouse placenta (fig. S6).We also identified calreticulin as a
receptor for CGKRK on the placental surface: We applied mouse pla-
cental homogenates to an affinity chromatography column containing
immobilized CGKRK peptide, eluted bound proteins by adding excess
CGKRK, and identified them by matrix-assisted laser desorption/
ionization–time-of-flight (MALDI-TOF) mass spectrometry. The elu-
ates contained peptide fragments from several proteins, of which calre-
ticulin was the most abundant (Table 1). Western blotting confirmed
the presence of calreticulin in the eluate (Fig. 4A). The other proteins
predicted by mass spectrometry were not detected in the eluate and so
were not investigated further. Calreticulin is highly expressed in the lab-
yrinth, junctional zone, and spiral arteries of themouse placenta (Fig. 4,
B toD) and in the syncytium of human first-trimester and term placen-
ta (Fig. 4, E to G). Moreover, FAM-CGKRK bound to recombinant hu-
man calreticulin (Fig. 4H; estimated binding affinity of Kd = 0.59 mM),
and a 50% decrease in calreticulin mRNA expression following small
interfering RNA (siRNA) treatment of term placental explants (fig.
S7) correlated with a similar decrease in FAM-CGKRK binding (siRNA
1, 58.6 ± 6.9%; siRNA 2, 56.7 ± 10.3%; Fig. 4I). Calreticulin colocalized
in the STB of human term placental explants with FAM-CGKRK bind-
ing sites (Fig. 4J), and localization of calreticulin to the placental mi-
crovillous membrane (MVM) was confirmed by flow cytometry of an
MVM-derived vesicle preparation (Fig. 4K). FAM-CGKRK binding to
MVM vesicles was reduced to 59.5 ± 3.3% of control values in the pres-
ence of recombinant human calreticulin (Fig. 4L). These data identify
membrane-associated calreticulin as a placental receptor for CGKRK.

Tumor-homing peptides facilitate targeted delivery of iron oxide
nanoworms to the mouse placenta
To ensure that the peptides retained their function when attached to a
nanoparticle, we coated iron oxide nanoparticles [approximately 180 nm
in length; dubbed nanoworms because of their elongated shape (23)]
with FAM-CGKRK, FAM-iRGD, or FAM-ARA and intravenously
injected them into pregnantmice.Nanoworms coatedwith FAM-CGKRK
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Fig. 1. Tumor-homing sequences CGKRK and iRGD target the mouse placenta. (A) Pregnant mice (n = 3 per group) were intravenously injected with
phage bearing the surface peptides CGKRK or iRGD or the control sequence G7 (1.5 × 1010 colony-forming units per mouse). After 30 min, mice were
subjected to cardiac perfusion; phage were recovered from individual organs and quantified; results are expressed as fold titers relative to those of the
control sequence G7. (B to J) Synthetic peptides (200 mg) were injected into the tail vein of pregnant mice. After 3 hours, mice were subjected to cardiac
perfusion to removeunboundpeptide. Placentaswere collected, fixed, and frozen; evidence of peptide bindingwas assessedby fluorescencemicroscopy.
n=3placentaswere examined fromeachofn=4pregnantmice. Representative images are shown. (B toD) FAM-CGKRK. (E toG) FAM-iRGD. (H to J) FAM-ARA
(control). Green, FAM-labeled peptides; blue, 4′,6-diamidino-2-phenylindole (DAPI; nuclei). JZ, junctional zone; Lab, labyrinth; SA, spiral artery.
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or FAM-iRGD accumulated at the maternofetal interface (Fig. 5, A to F),
whereas nanoworms coated with the control peptide FAM-ARA did
not (Fig. 5, G to I). As observed with the soluble peptides, nanoworms
bound to the endotheliumof the uterine spiral arteries and accumulated
within the placental labyrinth. FAM-CGKRK and FAM-iRGD nano-
wormswere observed in some areas of the liver and spleen as previously
described (24), but they did not accumulate in other major organs;
FAM-ARA nanoworms were observed in high numbers throughout
the liver and spleen (fig. S8). These data show that the targeting proper-
ties of the peptides are retainedwhen they are attached to nanoparticles.

Tumor-homing peptides facilitate targeted delivery of
peptide-decorated liposomes to the mouse placenta
To create biocompatible nanocarriers for targeted delivery of payloads to
the placenta,we synthesized liposomesdecoratedwithTAMRA-CGKRK,
rhodamine-iRGD,orTAMRA-ARA(Fig. 6A;Z-averagediameter:CGKRK,
156 nm; iRGD, 146 nm; and ARA, 142 nm), loaded themwith the fluores-
cent drug analog carboxyfluorescein (CF; 100 mM), and intravenously
King et al. Sci. Adv. 2016; 2 : e1600349 6 May 2016
injected them into pregnant mice. Targeted liposomes accumulated at
the maternofetal interface and discrete areas of green fluorescence in-
dicative of CF release were observed after 24 hours. CGKRK-decorated
liposomes predominantly accumulated in the labyrinth, whereas iRGD-
decorated liposomeswere also observedwithin the spiral arteries (Fig. 6,
B toG).With the exception of the liver and spleen, which nonselectively
take up all nanoparticles (24), targeted liposomes were not observed in
other major organs (fig. S9, A and B); pink-colored urine also indicated
peptide excretion via the kidney (fig. S9C), as previously described
(18, 24). After 72 hours, targeted liposomes were still observed within
the placenta (Fig. 6), but the amount present in maternal clearance
organs was markedly reduced (fig. S10). ARA-decorated liposomes
modestly accumulated in the decidua and in the labyrinth (Fig. 6, H to
J), butwere also observed at high levels in thematernal lung, thematernal
clearance organs, and fetal tissues from 6 to 72 hours (fig. S11). The CF
cargo of liposomes lacking a targeting peptide (and therefore a peptide-
conjugated red fluorophore)was observed in the liver from6 to 72 hours,
the spleen at 24 hours, and the fetus from 24 to 72 hours (fig. S12).
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Fig. 2. Administration of tumor-homing peptides does not alter reproductive outcome. Pregnant mice were intravenously injected with PBS
(100 ml), acetyl (Ac)–iRGD, or Ac-CGKRK (100 mg) at E11.5, E13.5, and E15.5. (A to F) Mice were sacrificed at E18.5, and the following variables were
measured: number of fetuses per litter (A), number of resorptions per litter (B), fetal weight (C), placental weight (D), fetal/placental (F/P) weight
ratio (E), and percent increase in maternal body weight from E10.5 to E18.5 (F). Data points represent mean value per litter; horizontal line repre-
sents median. **P < 0.01, Kruskal-Wallis test. PBS (n = 9), iRGD (n = 9), CGKRK (n = 10).
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Fig. 3. Tumor-homing peptides accumulate in the syncytium of human placental explants. (A to F) First-trimester (A, C, and E) or term placental
explants (B, D, and F) were incubated with peptide (20 mM) for 0 to 3 hours. For pulse-chase (P/C) experiments, explants were incubated with peptide for
3 hours, then transferred to freshmedium, and cultured for a further 21 hours. Binding and uptakewere assessed by fluorescencemicroscopy (n = 3). (A and
B) FAM-CGKRK. (C andD) FAM-iRGD. (E and F) FAM-ARA. Green, FAM-labeled peptides. VS, villous stroma. Scale bars, 50 mm. (G andH) First-trimester placental
explantswere serum-starved for 24 hours and then incubatedwith vehicle control (PBS), Ac-CGKRK, or Ac-iRGD (20 mM). CTB proliferation and apoptosis were
quantified at 24 and 48 hours, respectively, by immunostaining for Ki67 and M30, respectively. Median (n = 4 placentas). *P < 0.05, Kruskal-Wallis test.
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We also incubated peptide-decorated liposomes with human term
placental explants to examine binding and uptake in human tissue. Tar-
geted liposomes facilitated delivery of CF to the syncytium of placental
explants ex vivo; however, delivery was not achieved when ARA-
decorated liposomes were used (Fig. 6, K to M).

Targeted delivery of insulin-like growth factor 2 increases
placental weight in the C57BL/6J mouse
Insulin-like growth factor 2 (IGF-2) is a critical mediator of placental
growth in bothmice andhumans (25, 26), but the IGF receptors are ubiq-
uitously expressed in maternal and fetal tissues. Thus, we selected IGF-2
as an ideal candidate therapeutic to be administered systemically via tar-
geted liposomes. We hypothesized that targeted delivery of IGF-2 to the
placentawould enhance placental growth, translating into increased pla-
cental weights at E18.5 and leading to a corresponding increase in fetal
weight. Healthy pregnant mice were injected with four doses of vehicle
(PBS) and systemically administered IGF-2, empty liposomes, or lipo-
somes containing IGF-2, and fetuses and placentas were harvested on
E18.5. IGF-2 administered in iRGD-decorated liposomes significantly
increasedplacentalweights compared tomice injectedwith empty liposomes
decorated with iRGD or ARA or mice injected with PBS alone (Fig. 7A).
Delivery of IGF-2 in iRGD-decorated liposomes was more effective in
increasing placental weights than delivery of IGF-2 in plain or nontargeted
liposomesorvia intravenous injectionof free IGF-2. Inaddition, fewerof the
smaller (lighter) placentas were observed after treatment with iRGD lipo-
somes containing IGF-2 compared to all other control groups, suggest-
ing that growth of the smallest placentas was enhanced, whereas larger
placentas were unaffected. Despite this, increased placental weight did
not correlate with increased fetal weight; fetal weight was significantly
increased by plain liposomes but not by any other treatment (Fig. 7B).
Mean litter size and number of resorptions were not altered by any
treatment, suggesting that liposomes are well tolerated in pregnancy
(fig. S13, A and B); maternal kidney and spleen weights were similarly
unaffected, suggesting minimal off-target accumulation of IGF-2 in the
clearance organs (fig. S13, C and D). Because empty CGKRK–decorated
liposomes reduced fetal weight compared to treatment with plain lipo-
somes or PBS, this nanocarrier was not used for IGF-2 delivery (Fig. 7B).

Targeted delivery of IGF-2 improves fetal weight
distribution in the P0 mouse model of FGR
Because increased placental growth did not translate into increased fetal
growth in healthy wild-type mice, we tested our targeted liposomes in a
mouse model of FGR, the placenta-specific (P0) Igf-2 knockout mouse.
Males heterozygous for the deletion of the P0 transcript are mated with
C57BL/6J females, producing mixed litters of healthy wild-type and
growth-restricted P0 pups. Placental weights of P0 pups are reduced
King et al. Sci. Adv. 2016; 2 : e1600349 6 May 2016
at E12 and remain smaller throughout gestation (68% wild-type weight
at E19); however, P0 fetuses are only growth-restricted in late gestation
(96% wild-type weight at E16, 78% wild-type weight at E19, and 69%
wild-type weight at birth) (25). Pregnant mice were injected with vehi-
cle, free IGF-2, or iRGD-decorated liposomes containing IGF-2. Unlike
in C57BL/6J mice, targeted delivery of IGF-2 did not significantly in-
crease placental weight in wild-type or P0 pups (Fig. 8A). Similarly, tar-
geted delivery of IGF-2 did not significantly increase fetal weight (Fig. 8B)
or alter fetal weight distribution in wild-type pups (Fig. 8C). However,
targeted liposomes containing IGF-2 significantly increased fetal weight
of P0 fetuses (83%wild-type weight) and significantly altered fetal weight
distribution, with fewer of the smallest (lowest weight) pups being ob-
served (Fig. 8C), a clinically relevant outcome. Moreover, litter size and
number of resorptions were unaffected by treatment (fig. S14, A and B),
suggesting that the growth of the smallest P0 fetuses was enhanced, with-
out any pregnancy losses occurring; this phenomenon has been observed
in the eNOS−/−mouse model of FGR, following systemic administration
of Leu27 IGF-2 (27). As observed in wild-type mice, maternal spleen and
kidney weights were unaffected by treatment (fig. S14, C and D).
DISCUSSION

Currently, there are no therapeutics available to treat a poorly func-
tioning placenta and alleviate the resultingmaternal and fetal symptoms.
Here, we demonstrate that the specific tumor-homing peptide se-
quences CGKRK and iRGD bind to the surface of mouse and human
placental tissue and can be exploited for targeted delivery of payloads to
the placenta. We observed that soluble peptides and peptide-decorated
nanoparticles bound to murine decidual spiral arteries and to the vas-
culature of the placental labyrinth at multiple time points in gestation.
CGKRK and iRGD also bound to the surface of human placental ex-
plants, acting as effective cell-penetrating peptides, which rapidly accu-
mulate in the outer syncytial layer. Similarly, targeted liposomes were
internalized by the syncytium of placental explants, and release of their
CF cargo was observed. Finally, iRGD-decorated liposomes were used
to selectively deliver IGF-2 to mouse placenta, resulting in enhancement
of placental growth in healthy mice and an improved fetal weight dis-
tribution in growth-restrictedmice. Given the current drug drought in
obstetrics, a targeted therapy that promotes the growth of the smallest
babies without inducing overgrowth of those that are developing op-
timally fulfills an important clinical need that is currently unmet.

Targeted delivery of chemotherapeutics using iron oxide nano-
worms has been shown to maximize drug efficacy in tumor models
(18). As proof-of-principle experiment, we demonstrated that peptide-
decoratednanoworms effectively target themouse placenta, although this
Table 1. Peptides identified by MALDI-TOF mass spectrometry.
Protein
 Gene ID
 Total number of peptides identified
 Number of unique peptides identified
Calreticulin
 Calr
 21
 4
Aspartyl aminopeptidase A
 DNPEP
 3
 2
Proteasome subunit b type-6
 PSMB6
 3
 2
Protein disulfide isomerase 6
 Pdia6
 6
 2
Triosephosphate isomerase
 Tpi1
 3
 3
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Fig. 4. CGKRK binds to membrane-associated calreticulin. Mouse placental homogenates were applied to a chromatography column containing
immobilized CGKRK peptide. Bound proteins were eluted with excess CGKRK. (A) Immunoblot of sequential column eluent fractions. (B to G) Im-
munostaining of mouse placenta (B to D), human first-trimester placenta (E and G), or human term placenta (F) for calreticulin (B, C, E, and F) or
control immunoglobulin G (IgG) (D and G). Dec, decidua. Scale bars, 50 mm (representative images, n = 4). (H) Affinity of CGKRK for recombinant
calreticulin. Binding of increasing concentrations of FAM-CGKRK to immobilized calreticulin was measured and normalized to nonspecific peptide
binding. Mean ± SEM (n = 4). (I) Human term placental explants cultured with nontargeting (NT) siRNA or calreticulin-specific siRNA sequences;
following calreticulin knockdown, explants were incubated with FAM-CGKRK (20 mM; 30 min). Fluorescence of tissue supernatants was quantified.
Median (n = 4). (J) Human first-trimester placenta incubated with FAM-CGKRK (20 mM; 30 min; green) and immunostained with an antibody to
calreticulin (red). Blue, DAPI (nuclei). Scale bars, 10 mm; n = 4. (K) MVM vesicles labeled with calreticulin antibody (green) or control IgG (black);
binding was quantified by flow cytometry (representative histogram, n = 4). (L) MVM vesicles incubated with FAM-CGKRK (20 mM) and bovine serum
albumin (BSA) (control; 10 mg) or recombinant human calreticulin (10 mg) for 30 min. FAM-CGKRK binding was quantified by flow cytometry. Median
(n = 4).
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form of nanocarrier is unlikely to be compatible with optimal placental
function. Systemic administration of silica or titanium oxide nano-
particles to pregnant mice has been shown to induce structural and
functional changes in the placenta and impair fetal growth (28); thus,
we created peptide-decorated liposomes as our biocompatible nano-
carrier of choice. Candidate payloads would include compounds that
improved placental function and enhanced pregnancy outcome by
modulating cellular growthpathways,maternofetal or fetoplacental vas-
cular physiology, or local oxidative stress, butwould require tissue-specific
delivery. For example, systemic administration of sildenafil citrate nor-
malizes uteroplacental blood flow and promotes fetal growth in mouse
models of PE and FGR (9, 29), but also reportedly has detrimental effects
in fetal vascular function (30). Similarly, IGF-2, a key mediator of pla-
cental growth (25, 26), increases fetal and placental weights and promotes
fetal survival in guinea pigs (31), but if freely administered, it can interact
with ubiquitously expressed IGF receptors in all maternal tissues. Here,
we observed enhanced placental and fetal growth in healthy mice and
mice exhibiting FGR, respectively, following targeted delivery of IGF-2,
King et al. Sci. Adv. 2016; 2 : e1600349 6 May 2016
demonstrating that our engineered nanoparticles are well tolerated and
can elicit tissue-specific benefits in pregnancy, and that the encapsulated
IGF-2 remained bioactive. Previously, we have delineated growth
signaling pathways in the placenta downstream of IGF stimulation of
the outer STB layer (26). Thus, the syncytial-specific nature of targeting
we observed in human placental tissue suggests that targeted liposomes
will facilitate delivery of therapeutics directly to the trophoblast, providing
the opportunity tomodulate its function as ameans of enhancing placen-
tal efficiency and improving maternal and fetal outcomes.

In tumors, av integrins are the receptors for the iRGD-homing se-
quence (20); these are adhesion molecules that mediate extracellular ma-
trix attachment and cell signaling. Integrin av is constitutively expressed
within the mouse placenta throughout gestation (32), and we demon-
strate here that FAM-iRGD colocalizes with integrin av–expressing cells
at the maternofetal interface. Integrin avb3 is expressed on the human
placental surface (33) and by invasive EVT cells that colonize the maternal
spiral arteries (34). p32 has recently been identified as themain cell surface
receptor for CGKRK in tumors (19, 35) and is highly expressed in the
 on M
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Fig. 5. Tumor-homing peptides facilitate delivery of iron oxide nanoworms to the mouse placenta. Peptide-coated iron oxide nanoworms (5 mg of
iron/kg body weight) were injected into the tail vein of pregnant mice. After 3 hours, mice were subjected to cardiac perfusion to remove unbound nano-
worms. Placentas were collected, fixed, and frozen; evidence of nanoworm bindingwas assessed by confocalmicroscopy. Representative images are shown.
(A toC) FAM-CGKRK (n=3placentas from n= 4mice). (D to F) FAM-iRGD (n=3placentas from n=3mice). (G to I) FAM-ARA (n=3placentas fromn= 3mice).
Green, FAM-labeled nanoworms; blue, DAPI (nuclei). Scale bar, 50 mm.
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