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The Journal of Immunology

Pregnancy-Associated Exosomes and Their Modulation of T
Cell Signaling”

Douglas D. Taylor,> Sibel Akyol, and Cicek Gercel-Taylor

Exosome release by viable cells is a feature of activated cell types, including tumors, fetal cells, and cells of the immune system.
Exosomes critically regulate immune activation, by mediating activation-induced cell death. Fetal cells may mimic these events to
selectively delete reactive lymphocytes. In this study the presence and composition of placenta.derived exosomes are demonstrated
in the maternal circulation along with their consequences on T cell activation markers. Fel all pregnant patients, exosomes were
isolated from sera obtained between 28 and 30 wk gestation. For pregnant women, sv’sequently‘delivering at term, circulating
levels of placental exosomes were 1.8 times greater than those delivering preterm{p < 0.0001). Exasomes isolated from preg-
nancies subsequently delivering at term expressed significantly higher levels of’biologically active components, including Fas
ligand (FasL) and HLA-DR, than those from pregnancies delivering preterm. £candardizing for protein concentrations, exosomes
from term-delivering pregnancies exhibited greater suppression of CD3-{ a:id JAK3 than those delivering preierm. The suppres-
sion of CD3-£ and JAK3 correlated with exosome expression levels of FasL (r>/=.2.92 and r*> = 0.938, respectively), Fractionation
of exosomes from term-delivering pregnancies by continuously elutizig electzophores/s indicated that intact 42kD> FasL and an
unidentified 24-kDa protein were associated with CD3-{ suppression. Oy Lesuiis Geinonstrated that exosomes f'om pregnancies
ultimately delivering at term are present at significantly greater concniradsns/than those yroiz-pregnancies/delivering preterm;
however, exosomes from term-delivering pregnancies also <xhibj* significant!y greater, suppczssion of C03-¢ and JAK3. The

Journal of Immunology, 2006, 176: 1534-1542.

n most developed countries, the incidence of pretsim birth {s

~5-7% of all live births, and its incidence sippear{ (Gwhe

increasing (1, 2). However, in the United” States, picierin
births account for 11.9% of all live births and »Csult it 704 80%  of
neonatal deaths among genetically normal seonats, (2)/Most vre-
term births follow spontaneous, unexziained” gretcsnislabor or
spontaneous preterm rupture of the apdniotic in€robranes.‘Although
the cause of spontaneous or idiopdthic sreterm birth/remaing/tn®
clear, multiple risks factors hay< been identn€d sncluding aneniia,
abruption placentas, drug us¢, low/maternal Weight, placentaore-
via, polyhydramnion, preinaturéiriptire, of,membranes, \sroking,
stress, and infections,

The most comm#n and most investigated risk/fzctor fGr.préterm
birth has been isitections. Approximately 30—4Q7=at\preterm de<-
liveries have Ueen postulated to result froni ointo Yerassociatedswith
infections (4). Recent studies of the role otviniections haves£ocused
on the association ¢f periodontal disease and preterm kirth (5, 6).
Current investigations have correlated periodontal disease with in-
creased risk of preterm bisth; however, only a small percentage of
pregnant women with even severe periodontaliisease experienced
preterm delivery, and this correlation was guly statistically signif-
icant in gestational ages <28 wk (@, 8)/1n a prospective study of
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1738 womer_tram“the /United /singdom addressing all preterm
births, ther¢, was/ne.Correlatidon between periodontal disease and
preterm birth o1 10w birth sveight (7). Recent studies have focused
onsibe alternative hypgihesis that suggests a genetically defined
4bdornal ifpraune rssponse may be a primary etiology of preterm
biith(9] 40). AsCorrelation was demonstrated between preterm
wirthenid poly/orphisms in cytokine genes (9). Polymorphisms in
INI-a, IL/1B, and IL-6 have been the most consistently linked
alteratiglis in preterm birth (9, 10). In certain populations, maternal
polysiiorphisms in TLRs, primarily TLR-4, have also been asso-
cited with preterm birth (10). Thus, rather than a causative factor,
the presence of periodontal disease might reflect aberrant immu-
noregulation within a subpopulation of pregnant patients. To-
gether, these data suggest that aberrant immune regulation exists in
a subpopulation of pregnant women that could lead to preterm
labor and birth, and such aberrations might also increase the risk of
infections, including the development of periodontal disease.
Previous studies of the maternal immunophenotypic profile in
normal term pregnancies and pregnancies delivering preterm dem-
onstrated that the suppressive immunophenotypic profiles ob-
served in term pregnancies were absent in preterm births (11-13).
Successful pregnancy is associated with decreased cell-mediated
responses and an increased rate of Ab production, suggesting an
elevated Th2/Th1l immune response (14, 15). A key pathway me-
diating a state of immune tolerance is activation-induced cell death
(AICD)? (16, 17). Lymphoid cells appear to release membrane
vesicles or exosomes after activation, and these appear to play an
essential role in immunoregulation, preventing excessive immune
responses and the development of autoimmunity (18, 19). It was

3 Abbreviations used in this paper; AICD, activation-induced cell death; FasL, Fas
ligand; IDO, indoleamine 2,3-dioxygenase; PLAP, placental-type alkaline phospha-
tase; TSG, tumor susceptibility gene.
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postulated that microvesicle shedding by tumor cells was a reex-
pression of the fetal cell shedding, and that both constituted path-
ways to circumvent immunosurveillance (20, 21).

The induction of anergy at the maternal-fetal interface may be
the result of reduced expression and altered function of intracel-
lular signaling molecules within T lymphoid populations (22). One
pathway linked to reduced lymphocyte proliferation after antigenic
challenge and reduced cytokine production is the decreased ex-
pression of the signal-transducing molecule, CD3-¢ (21, 23). Sup-
pression of the signal-transducing {-chain has been observed in
both decidual T cells and peripheral blood T lymphocytes of preg-
nant women (23). It has been postulated that the feto-placental unit
redirects maternal immunity away from cell-mediated immunity to
favor humoral immunity by secreting Th2 cytokines while down-
regulating Th1 cytokines (24). One mechanism capable of produc-
ing decreased T cell proliferation and cytokine production is the
decreased expression of the {-chain. The {-chain plays a critical
role in determining the TCR repertoire in vivo, with the negative
selection of specific reactive lymphocyte populations within the
decidua occurring by apoptosis. A key regulatory link between
CD3-¢ expression and apoptosis is the expression and activation of
JAK3, which also serves to activate signaling by many cytokine
receptors (25, 26).

This study investigates the suppression of CD3-¢ and JAK3 as
contributors to the maternal immunosuppression associated wis
pregnancy success. The importance of the components exapsined
in this study is that they transcend the Th1/Th2 paradigm+Mody~
lation of the JAK 3 pathway is critical for specific typesi cytokire
receptors, which possess common +vy-chains and /£an moduiate
CD3-{-mediated activation, leading to T cell ane{gy. We piopese
that the loss of signal-transducing molecule s¥ppression 1psuitsiin
a failure to impair maternal lymphoid activation..icading.£0 spon-
taneous preterm labor and birth.

Materials and Methods

Patient-derived materials

Blood specimens (10 ml) werg obtaipCd/rrén=womsn who had riever beex
pregnant (n = 21; designdied group3y/Conwo)), from pregnait Wormerd
ultimately delivering witnout complicavions at term (=37 wk gestation;
n = 27; group 1), and'from pregnant womeh deliverifig'preterin (=564 wk
gestation; n = 195 group 2). Samples were obtaifed Andey an informed
consent protoce’ approved by the institutional péview Foard at University
of Louisville. Fés group 1, venous blood samplis, werebtained at #Outine
visits from asymptomatic pregnant women who'were 28 -30 wk £stimated
gestation at the time ¢€ the blood draw, and serum was isolatel after clot-
ting. For group 2, blood specimens were obtained from wornscn with threat-
ened or imminent pretermilabor (regular uterine contsictions occurring
with a minimum frequency of “wo every 10 min and a6sociated changes in
either cervical effacement or dilation) in wk 28 -37"of gestation and were
included if they proceeded to delives preterm. Edr group 3, blood samples
were obtained from healthy nonpregnant femle volunteers in private gy-
necology offices. Serum samples were steged at —70°C until use, and for
pregnant patients, their delivery outcome was determined. All women in-
cluded in this study were free of obvious infections within the uterus or
amniotic cavity, and all pregnancies were singletons. Clinical variables
potentially affecting neonatal outcome were abstracted from the maternal
and infant medical records, including indications for delivery, estimated
gestational age, use of intrapartum antibiotics, use of antenatal steroids, and
maternal demographics. The mean age for pregnant women in group 1 was
26.4 * 6.5 years; for group 2, the mean age was 24.1 * 5.7 years; and for
group 3 (control nonpregnant women), the mean age was 26.1 * 5.3 years.

Isolation of circulating exosomes

Using sera from the three groups, exosomes were isolated by a two-step
procedure using size exclusion chromatography and density gradient cen-
trifugation. Serum samples (2.5 ml) were applied to a Sepharose 2B col-
umn (2.5 X 16 cm) and eluted with PBS, and 2-ml fractions were collected,
monitoring elution at 280 nm. The void volume fractions were pooled and
centrifuged at 100,000 X g for 1 h. Floatation of exosomes on a discon-
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tinuous sucrose gradient was then performed at 4°C as previously de-
scribed (27, 28). Exosomes were then centrifuged at 100,000 X g for 1 h
at 4°C, exosomes were resuspended in PBS, and the quantity of protein was
determined by the Bradford microassay method (Bio-Rad) using BSA as a
standard.

To examine the distributions of proteins in exosomes, SDS-PAGE using
an 8—15% acrylamide gel was performed (29), followed by silver staining
(Bio-Rad). The stained gels were analyzed by a 1D Image Analysis soft-
ware (Eastman Kodak).

Western immunoblots analyses of exosome protein expression

Western immunoblotting was performed to analyze the presence of specific
proteins, including placental-type alkaline phosphatase (PLAP), tumor sus-
ceptibility gene 101 (TSG101), and Fas ligand (FasL). Proteins from each
membrane vesicle isolate (25 .ug/lane) were applied on a 4-20% SDS-
PAGE gel. The proteins wer< elostrophoretically separated by the method
of Laemmli (29) and analjzed by Vestern immunoblot as previously de-
scribed (30), probing orernight at 4°Cwith rabbit polyclonal anti-FasL (1
ng/ml; clone G247-47 Calbiochem), rabbiapolyclonal anti-PLAP (1 ug/ml;
Abcam), mouse pionoclonal anti-TSG101 (i\ug/ml; Abcam), rabbit poly-
clonal anti-furisi (1 ug/ml; Santa Cruz Biotechiiglogy), mouse monoclonal
anti-HLA-G7(1 ug/ml; Santa Cruz Biotechnology), or rabbit polyclonal
anti-HLASDR (1_ug/ml; Santa Cruz Biotechnologyjas the primary Abs
and pefoxidagt-ceniugated anti-rabbit, -goat, or -mouse Ig as the secondary
AbsThe bount, imniure complexes were visualized by F'CL (Amersham
Flosciences) anavarariitated bvadensitometry (Un-Scali-it software; Silk
Scieptfic).

FEyxpiessionsof signaling protéinsy CD3-7 and JAK3

Jurkat 761 cells, ¢ KaimanT cell’ lymphaina, was obtained from American
Type Culture Celleciion.\These cellsfwere used as an in vitro assay for
Tyraphocyte 1ngdylctien Dy serum-serived exosomes. This T cell line was
grown in REMI 1645 ynediumSupplemented with 0.1 mM nonessential
amino acids, 1 mMLSodiumpyruvate, 200 mM L-glutamate, 100 wg/ml
stregtvomycin, and¥100 U/ penicillin in a humidified 5% CO, chamber
20 37°C\Celviability wis evaluated by trypan blue exclusion. All cultures
used for this siidy wire >95% viable.

For\bigassay of CD3-{ expression, viable Jurkat cells (10° cells/ml)
were inCubatedsin a medium supplemented with 400 wg/ml isolated exo-
semes for 48/n and were compared with unexposed Jurkat cells or Jurkat
gells expased to the analogous gradient fractions from control sera. After
2 daysine cells were centrifuged, and the cell pellet was washed and used
for »rotein analysis. To assess CD3-{ protein, the cell pellet was lysed
uging 50 mM HEPES (pH 7.2), 150 mM NaCl, 5 mM EDTA, | mM
sodium orthovanadate, 2.5% Triton X-100, 200 pg/ml trypsin/chymotryp-
sin inhibitor, 200 wg/ml chymostatin, and 2 mM PMSF. The cell lysate was
assayed for protein by the Bio-Rad protein assay. The modulation of sig-
naling proteins was analyzed by Western immunoblot using a 15% SDS-
PAGE gel, as described above, with mouse monoclonal anti-CD3-{ and
mouse anti-JAK 3 Abs (Santa Cruz Biotechnology) as the primary Abs. As
an additional loading control, blots were probed using rabbit polyclonal
anti-B-actin (Santa Cruz Biotechnology).

Induction of IL2 production

To assess the role of pregnancy-associated exosomes on the suppression of
T cell function, Jurkat cells (10° cells/ml) were incubated with or without
1 pg/ml PHA and 1 ng/ml PMA in the presence of medium alone; medium
with 100, 200, and 400 wg/ml isolated exosomes from normal term preg-
nancies (n = 8) or from pregnancies delivering preterm (n = 8); or anal-
ogous fractions from nonpregnant controls (n = 8) for 48 h in 96-well,
flat-bottom microtiter plates. After 48 h, the plates were centrifuged, and
100 ul of medium was removed from triplicate wells for analysis of in-
duced IL-2 production using a commercial ELISA kit to assay IL-2 levels
(Chemicon International). A standard curve was generated according to the
manufacturer’s instructions, and samples were measured by spectropho-
tometry at 490 nm. For each sample, the mean and SD were calculated
from duplicate assays of triplicate wells.

Isolation of exosome-associated inhibitory components

Using a continuously eluting electrophoresis system (model 490; Bio-Rad),
the components of exosomes mediating suppression of CD3-{ were ana-
lyzed. Exosomes (500 pg each) from two group 1 pregnant patients were
applied to 12.5% acrylamide preparative column gels, and each gel was run

72027 ‘¢ 3sn3ny uo 1son3 £q /3o jounwrwirf mma//:dny woly papeoumo


http://www.jimmunol.org/

1536

at 100 V. Fractions (1 ml) were eluted from the bottom of the gel, moni-
toring at 280 nm. Proteins from aliquots (200 ul) of each protein-contain-
ing fraction were precipitated using a two-dimensional cleanup kit to re-
move SDS (Amersham Biosciences). The precipitated proteins were
resuspended in PBS by sonication and assayed for { suppression in the
Jurkat cell bioassay. Fractions from the peaks exhibiting ¢ suppression
were pooled, concentrated, and analyzed by SDS-PAGE on a 12.5% gel
with silver staining and subsequently by Western immunoblotting with
anti-FasL. Ab (1 pg/ml; clone G247-4; Santa Cruz Biotechnology).

Modulation of CD3-{ suppression by Fas blockage

The exosome modulation of CD3-{ expression was performed as described
above, except to assess the role of FasL in mediating this effect, cultures of
Jurkat cells (2 X 10° cells/ml) were initially incubated with anti-Fas neu-
tralizing mAb, ZB4 (10 pg/ml), or IgG1 isotype control (10 ug/ml; Upstate
Biotechnology), followed by medium alone or treatment with 200 wg/ml
group | exosomes (term pregnancies; n = 5) for 48 h. Cd3-{ expression
was analyzed as previously described, and expression was quantified by
densitometry.

Statistical analysis

Western blot analyses of TSG101, HLA-G and -DR, PLAP, FasL, CD3-,
and JAK3 were performed at least twice. Densitometric quantitation of
bands on each gel was standardized to a control lane included on that gel
and compared by the Kruskal-Wallis test. Correlations between the level of
FasL on the exosomes (defined as pixels) and their suppression of CD3-¢
and JAK3 in the Jurkat bioassay were calculated by linear regression anal-
ysis. In the remainder of the experimental data, all relative absorbance
determinations were performed at least twice, and the mean = SEM fst
each sample were calculated. A value of p < 0.05 was considered stitis-
tically significant. Statistical analysis was performed usings Instat
(GraphPad).

Results

Exosomes from sera of pregnant patients associuted with
preterm and term births

In the two-step isolation procedure, serum/samp!€s'weredappiied to
a Sepharose 2B column, monitoring elution £t 288 nm'sze Fig. 1
for representative profiles). The frsiCtiong/IbeleavEx0s represent
the >50 million-Da fractions, v#id volin{eContaining exosornes

These fractions were then spbjecteatq, Cerinity £radient <entrifu

gation using floatation of m{mbrarieg’on edisoafitinuous SuCkose grat
dient performed at 4°C+the level \af eostral protein in sera\from
group 1 pregnant psients was 1.92%20.69 mg/ml initidi~serum,
whereas exosomes from group 2 (delivering pireteriiin consisted of

i
s o =

-
2

FIGURE 1. Representative chromatographic profiles
of sera from pregnant women subsequently delivering at

Absorbance at 280nm

rod
-

PREGNANCY-ASSOCIATED EXOSOMES

1.05 £ 0.34 mg/ml protein (p < 0.001). In sera from group 3
(nonpregnant controls), exosomes were detected at <0.25 mg/ml.

To compare the distributions of proteins in exosomes isolated
from group 1 vs group 2, SDS-PAGE analysis was performed.
After standardizing for protein content, the exosomes isolated from
both groups 1 and 2 were electrophoretically separated, and the
protein compositions were compared (Fig. 2 presents representa-
tive samples). Based on general protein composition, although
group 2 patients exhibited decreased quantities of released exo-
somes, both groups appeared to release similar components qual-
itatively. Exosomes derived from group 3 sera exhibited no dis-
crete bands on SDS-PAGE.

Comparison of exosome gompositions

Despite the similaritvsobserved 1a, general protein staining, to de-
termine whether difierences existed 2 specific protein components
between exosonies isolated from groups, 1 and 2, Western immu-
noblot analysis of the isolated exosomes was performed (Fig. 3).
Because fiie expression of TSG101 has been, demonstrated as a
marker’of exas0Mies, its presence on the exosomes from both preg-
nap? grougs was andlyzed. TSG101 was present 11y all exosomes
rieparadgnsanddltnough individual differencesswere seen, based
on dénfitdpietrievanalysis,(ng significant differtnces in the expres-
s20r ot TS between, graups | and 2 wgie observed (69,614 *+
264, vs 69,636 * 10,420wixels; p = 5.997; Fig. 3A). To define
the origin of thesé exozomes.,exosome-associated PLAP, a plasma
{fnymbrane enzyrac\isoform specifically produced by the placenta,
was also anaiyzed“ckig! 3B). All exosome isolates stained posi-
tively for PLAE, leOniirming/the placental origin of these membra-
noug\materials, and based’on densitometric analyses of all samples,
no significant differenges were observed between PLAP expression
on ¥xoseies isolattd from groups 1 and 2 (129,776 = 19,770 vs
IN,1275/% 9,577 pixels; p = 0.105). Previous work demonstrated
uie ‘presence’of proteolytic activities associated with exosomes,
includingsinatrix metalloproteinases, and the presence of the pro-
teolytis” convertase, furin, was examined on exosomes (Fig. 3C).
Thefexpression of furin was significantly increased in exosomes
isolated from group 2 compared with those from group 1
(110,649 = 29,870 vs 28,598 = 17,583 pixels; p = 0.0013).
Because placental expression of FasL appears to play an important

o~

term (A and B) and preterm (C and D). Serum samples (1 10
ml) were applied to a Sepharose 2B column (2.5 X 16
cm), eluted with PBS, and 2-ml fractions were collected,

A

s
o
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FIGURE 2. Representative SDS-PAGE of exosomes derived from the
sera of pregnant women from group 1 (subsequently delivering at term
T1-T3) or group 2 (delivering preterm, PT1-2). Exosome protein conggn-
trations were standardized, and 40 pg of protein was loaded into eack’well.
Exosome-associated proteins were visualized using Imperial purgie staif.

role in establishing an immune-privileged site, ex4somes wqre, 75
sessed for the expression of FasL (Fig. 3D). Althougli aligrcuyt 1
samples were positive for the intact 42-kD#/ forman the 27-kDa
cleaved form of FasL, the exosomes isgiated froin group 2 were
negative or only weakly positive fof eithef forny of FasL. The
expression of intact 42-kDa FasLson group 1-derived exosomes
was 91,569 * 18,892 pixels./the afialoghis gradient fractions
from group 3 (controls) yiere analyzed f0r/the presence ol
TSG101, PLAP, furin, axd Fas’, tnd were Yound to be niegative
(data not shown).

Association of histocompatibility Ags with ciicilating exosomes,

Previous protéomic analysis of various exbseme’pepuiations /ndi-
cated their exprogsion of major histocompatiaiiity Ags, betn class
I and II. The exprogsion of class I (HLA-G) aid clasg”II (HLA-
DRa) MHC components on exosomes isolated froms/groups 1 and
2 was analyzed by Westarn immunoblot (Fig. 45 Exosomes ap-
peared to express both classyl and II componénts. No significant
differences were observed in tie expressioi of HLA-G between
exosomes from groups 1 and 2 (Hig. 44; 121,469 *= 24,632 vs
106,613 = 23,413 pixels; p = 0.154). Variable expression of
HLA-DRa was observed; however, exosomes isolated from group
1 exhibited 6.9-fold higher levels of HLA-DRa« than group 2 (Fig.
4B; 87,529 = 12,143 vs 12,596 = 4,289 pixels; p < 0.0001).

Modulation of CD3-{ and JAK3 expression by pregnancy-
derived exosomes

This study addressed the consequences of exosome expression of
biologically active molecules, such as FasL. The expressions of
CD3-¢ and JAK 3 proteins were determined by Western immuno-
blot. When group 1-derived exosomes were incubated with T cells
(Jurkat cells) for 48 h, suppressions of both CD3-{ (Fig. 5A) and
JAK 3 (Fig. 5B) proteins were observed. When Jurkat cells were
treated with group 1-derived exosomes, CD3-{ expression was
only 27.8 = 10.7% of the untreated control value, whereas CD3-¢

1537
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FIGURE 3. PFPepresentative Western immunoblots demonstrating the
presence of /iSG101 (A; marker of exosomes,, placental-type alkaline
phosphatase (B; marker of placental origin), furin (C prohormone conver-
tase fastiily), 20id.Easi, (D) on isolated exosomes. Exosames were isolated

fropi the seid 65 preghant patients from group 1 (subsequerkly delivering at
#irm, TA-T4) Og geeur’ 2 (deliveding preterm, PT1-5).

Zxjiressian¥'by Jurkat {cells \¢xnosed to gioup 2 exosomes was
828 ¥ 1822% of thedufitreated contre? value. JAK 3 expression
was aecreased irf Juikag celis'incubated with group 1-derived exo-
somes (39.2,4712.2% b1 untreatgd control value), whereas JAK3
expression Di, grqup2=derived exosomes treated Jurkat cells was
76.8 + 21.3% i/the untreted control value. Jurkat cells treated
withthe analogeds contfol material from group 3 failed to signit-
ianitly altef either CH3-¢ or JAK3 expression.

BeCause  FasL Has been postulated to play a critical role in the
meauladon of/1 cell activation, the expression of FasL on exo-
sames isolattd from group 1 was correlated with Jurkat expression
of bothD3-¢ and JAK3. Plotting exosome-FasL expression
againgt Jurkat CD3-{ after exposure to the same exosome prepa-
rat?dn produced a correlation coefficient (%) of 0.92, whereas com-
parison with FasL levels with JAK3 expression yielded a correla-
tion (?) of 0.938 (Fig. 6).

Suppression of IL-2 production

Because during normal pregnancy decreased production of Thl
cytokines is observed, the effects of group 1 and 2 serum-derived
exosomes or the analogous material isolated from group 3 non-
pregnant controls were addressed on T cell production of IL-2.
IL-2 production was induced in Jurkat cells (10° cells/ml) by in-
cubation with 1 pg/ml PHA and 1 ng/ml PMA for 48 h. When
material from group 3 female controls was added to the T cells
during activation, IL-2 secretion was not significantly inhibited
compared with the medium control at any of the concentrations
assayed (p > 0.05). The induction of IL-2 secretion was slightly
suppressed by material from preterm group 2 compared with the
medium control (p = 0.048 at 200 mg/ml and p < 0.01 at 400
mg/ml). In contrast, exosomes isolated from group 1 (delivering at
term without complications) exhibited significant differences at all
concentrations (p < 0.001) from that of the medium or nonpreg-
nant control groups (Fig. 7).

Exosome-associated inhibitory components

Two exosome preparations from group 1 pregnancies were frac-
tionated by continuously eluting electrophoresis. Each of the
eluted fractions of exosome components was analyzed for suppres-
sion of CD3-{ in the Jurkat bioassay (Fig. 8A shows patient T1 as
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FIGURE 4. A, Representative Western immunoblots demonstrating the
presence of class I MHC (HLA-G) and class II MHC components (HLA-
DRoa) on isolated exosomes from the sera of pregnant women from group
1 (T1-T3) or group 2 (PT1-2). B, Densitometric data comparing class I and
I Ags.

representative). For both patient exosome preparations, tws peaks
of CD3-{ suppressive activity were observed at fractions//5/76 ard
86/87. For both patients, these four fractions (75, 767 86, a0G-87)
were pooled and concentrated, and the componedts were \isinl;
ized by silver staining on standard SDS-PAGL gelst” I'wo taalor
components were observed; one component appedréd 2o ZakDa,
and the second at 42 kDa (Fig. 8B). SCparate z11quots, of ‘these
pooled fractions were analyzed by Westerndnimunobloting with
anti-FasL Ab, because it has been sinplicsted in thexstppression oL
{ expression and exhibits M, forins at tiesadv/{ ranges. By Westerti
immunoblotting, only the 42/<Da ¢cgmpenentsizined positively for
FasL (Fig. 8C). Becauss’ the aOti:Easl, "Ab”used recognizes dn
epitope present in the/intact and ‘el€aved forms, the absence of
reactivity indicatedsthat the 24-kDa psotein is xOr FasLt

Blocking of E4sL activity associated withgxosaries

To determine wircther exosome-associated/r'asiy is respongiole for
the suppression of Wlurkat T cell CD3-{ expression, b'ockage of
exosome-induced effects was analyzed in these cells #sing anti-Fas
(ZB4) Ab (Fig. 9). Digitization of Western immunoblot data in-
dicated that exposure of Juriat cells to norma’pregnancy-derived
exosomes induced a 53.5 = 11.2% suppression of CD3-¢, whereas
CD3-¢ expression in Jurkat cells 1acubaed with the Fas-blocking
Ab (ZB4) exhibited only a 23.4 = 9.6% reduction (p = 0.0015 for
paired samples with and without ZB4). Although this represents a
significant reversal of exosome-induced apoptosis, it is not a com-
plete reversal of the exosome effect.

Discussion

Exosomes appear to play a central role in communication between
lymphocytes and dendritic cells, mediating the development of cel-
lular immune responses or suppressing excessive activation, as in
AICD (16-19). The phenomenon of shedding exosomes has also
been demonstrated with other hemopoietic cells, such as mast cells
and platelets, and it is thought to play an important role in medi-
ating their actions (16, 18, 27, 28, 31, 32). Recent studies have
isolated exosomes from tumor cells in vivo and in vitro and have
demonstrated the presence of tumor-associated Ags and class |

PREGNANCY-ASSOCIATED EXOSOMES
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FIGURE 5. #Western immunoblots indicating,the expression of CD3 ¢
(A) and JAX3 (B) by Jurkat cells after a 4-day incubation with exosomes
(at 200 s£g/ml) sbtained from pregnant women from gioup 1 (subsequently
delivering 2 term, NI 5-TS) or group 2 (delivering prewerm, PT1-5). C,
BActin s@yiningwof the same samples as the loading coxirol.

MEC, suggesting that juinor<derived exosbmes can serve as direct
vaceines or processed Wy\autologous dendritic cells (33-35).

In arecent r¢portn(36), Cytoplagmic microvesicular forms of
FasL were démoristreted in syncy/tiotrophoblasts, and although not
2ole to demopsiriitestelease, fiese investigators postulated the re-
lease of these intiacellulargnicrovesicles in the form of exosomes.
Theiphypothesis was sipported by the demonstration of secreted
{uli-)Zpgthd biplogicaily active FasL in microvesicular form in first
and third rinieste! pregnancies (21, 37). Although not specifically
assessed, these’previous studies proposed that exosome-associated
Tasl could’promote an immune-privileged state. In the current
neport, thie presence, composition, and biologic activities of exo-
somes circulating in pregnant women were analyzed, and their
cofisequences on T cell activation signaling pathways were di-
rectly examined.

Significant differences in maternal immunity, in terms of lym-
phoid cell numbers, subset distributions, and functions, can be
demonstrated between pregnancies delivering preterm and those
ultimately delivering at term. Investigations have implicated pla-
centa-derived exosomes as a key component in establishing the
placenta as an immune-privileged site (36, 37). These past studies
have not addressed qualitative, quantitative, or functional charac-
teristics of placental exosomes in normal term pregnancies or in
pregnancy complications. In the current study, although exosomes
could be demonstrated in all pregnant patients tested, significant
quantitative differences in the circulating levels of exosomes (Fig.
1) were observed in specimens from group 1 (women subsequently
delivering at term; 1.92 = 0.69 mg/ml) compared with group 2
(women delivering preterm; 1.05 * 0.34 mg/ml). Although exo-
some release can be demonstrated in activated lymphocytes and
dendritic cells in vitro, the in vivo accumulation of exosomes from
volunteers without pathologic conditions is difficult to demon-
strate. Under our experimental conditions, the level of circulating
exosomes in controls (group 3) was <0.25 mg/ml, which was ap-
proximately background. Although this fraction was used as con-
trol material, vesicular components could not be visualized by
electron microscopy, and discrete protein bands could not be dem-
onstrated on SDS-PAGE.

Although the quantitative differences in exosomes might be suf-
ficient to cause the differences observed in T cell numbers and
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FIGURE 6. Effects of exosomal FasL on expression of { and JAK3 in
Jurkat cells. A linear, but reverse, correlation between the FasL content of
exosomes obtained from group 1 patients (n = 15) and expressions of
CD3-¢ and JAK3 in Jurkat cells coincubated with these exosomes for 48 h.
The FasL content of exosomes and JAK3 and CD3-{ of Jurkat cells was
determined by semiquantitative densitometry as described in Materials and
Methods.

activation between pregnancies delivering preterm and at term, ths
presence of qualitative differences was also examined by gepfral
protein staining. Based on general protein composition, boti pop
ulations of exosomes appear to be similar qualitatively:/iowever,
this general approach only identifies major protein cofapongats.
more detailed assessment of specific components by Westert im-
munoblotting revealed significant differences /n speeiiig piotain
components. An important point of debate j#’whether the telecsid
microvesicles are derived from the plasma membrine of secietory
lysosomes. Although many of the components arcshared -between
lysosomes/endosomes and plasms< mepioranes, \18G101, also
termed vesicular protein sorting 23, 5 € _sarker of endosomes
within cells and exosomes extracelidiarly, ‘n/all exosome prepa:
rations from our pregnantspatients{ ISGTO1Nwas detecteayand'nd
significant differences ji{i the exprossi<n be{ween all term and, pre-
term pregnancy patitnts were observec” (Fig. 340 Becads< raany

110%ug/mi
90+ s ms ns B 200ug/mi
= V.4 200ug/mi
E 80+ 'll ns
-E.D I_"'_ p=0.048
704 p<0.01
o
o 604 p<0.001
=
2 «f N
[<)
g 404 p=0.001
i 204 p<0.001
S -
.g 20
= 0
o
Medium NonPregnant Term PreTerm

Source of test fractions

FIGURE 7. Induced IL-2 levels in Jurkat cells after incubation with
100, 200, and 400 pg/ml pregnancy-derived exosomes from pregnant
women of group 1 (subsequently delivering at term) and group 2 (deliv-
ering preterm) or analogous chromatographic fractions from nonpregnant
women. Bars present the mean = SD of all patient samples. Differences in
IL-2 induction from Jurkat cells coincubated with medium alone are indi-
cated on the graph. ns, not significant.
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P1GUKE & \ldentificiion of the exosome-associated components inhib-
1ting ZD2expression. Exosomes, isolated from two patients from group
I'yware fractionatd by continuously eluting electrophoresis, and each frac-
uon was subsequently assayed for ¢ suppression in the Jurkat bioassay (A).
¢ suppressife fractions (75/76 and 86/87) were pooled, concentrated, and
cxamingd by SDS-PAGE with silver staining (B) and by Western immu-
noblgiting with anti-FasL. Ab (C). Molecular mass estimates were calcu-
lastd based on prestained standards run simultaneously.

cell types can release exosomes, the placental origin of these exo-
somes was defined by the presence of PLAP, a plasma membrane
enzyme isoform specifically produced by the placenta. As ob-
served with TSG101 expression, all exosome isolates stained pos-
itively for PLAP, confirming the placental origin of these mem-
branous materials, and no significant differences were observed
between exosomes isolated from group 1 (subsequently delivering
at term) and group 2 (delivering preterm) pregnant patients
(Fig. 3B).

In addition to markers of tissue origin and subcellular source,
exosomes have been demonstrated to express biologically ac-
tive components. Previous work with cancer-derived exosomes
demonstrated the presence of proteolytic activities associated
with exosomes, including matrix metalloproteinases (38). Ex-
tracellular matrix homeostasis is critical in maintaining the ten-
sile strength of the amniochorion. Matrix metalloprotease-9 is
the key mediator of the membrane rupture process by degrading
the extracellular matrix of the chorioamniotic membranes.
Furin is an activator of matrix metalloproteinases, in addition to
other prohormones. Furin expression was significantly elevated
in exosomes from group 2 preterm pregnancies compared with
group 1-derived exosomes (Fig. 3C).
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FIGURE 9. Reversal of exosome-induced CD3-{ ex-
pression by blockage of Jurkat-expressed Fas. A, Western
immunoblots indicating the expression of CD3 { by Jurkat B
cells after a 2-day incubation with exosomes (at 200 ug/

ml) obtained from pregnant women from group 1 (subse-
quently delivering at term; T1-T5) in the presence or the
absence of anti-Fas ZB4 Ab. B, Densitometric data from

the Western immunoblots compared CD3-{ expression in

the presence and absence of Fas-blocking Ab.

Fas signaling is a major mechanism for inducing peripheral
clonal deletion of lymphoid cells (39). Using an anterior chapi-
ber of the eye model to study induction of systemic tolersnce,
Griffith et al. (39) demonstrated that apoptosis of T ¢flls via
Fas/FasL was essential for induction of immune devidtion lead-
ing to decreased delayed-type hypersensitivity apd IFN{y, pra-
duction, whereas mechanisms resulting in ngCrosis faiied/ (o
elicit tolerance. In pregnancy models addrgssingsinaternal te-
sponses to fetal H-Y expressed in malesietusas, “VaCshio,und
Hodes (40) demonstrated that maternal Fas”idteractions with
fetal FasL was “necessary and suffigient fat\Woih ¢lonal deletioun
and induction of hyporesponsiveiless g1 J1-Y-redeiive CD&\T
cells during pregnancy.” All ekosomesaetived from the periph-
eral circulation of group / (delivesing af Ye#m) samplos ‘were
positive for the intact 42+ and tiie 274kRDa‘sleaved formis 0f Fasls
(Fig. 3D). In contragt, exosomesstrom group 2 were weakly
positive or negatize for both forms 0f FasL/Alithougi-edntrol
sera failed to eyhibit exosomes, the analogous gradient fractions
were analyzéd for the presence of FasL)aind Werc iound 0 be
negative (data ot shown). This absence” 0f exosomal FasL. in
preterm birth is cansistent with general iminunolegic differ-
ences observed betwoan these two pregnancy gredps.

Proteomic analysis of'warious exosome popiations have in-
dicated their expression of 'major histocomratibility Ags, both
class I and II, by fetal tissuesy Exosomeé appeared to express
both class I and II components (Fig.++). No significant differ-
ences were observed in the expression of HLA-G between exo-
somes isolated from group 1 and 2 sera (Fig. 4A). However,
variable expressions of HLA-DRa were observed, with exo-
somes from group 1 pregnancies exhibiting higher levels of
HLA-DRa (Fig. 4B). Transplantation studies analyzing donor
bone marrow dendritic cell-derived exosomes demonstrated the
expression of functional class I and II MHC components and
that these exosomes could modulate allograft rejection by de-
creasing CD4™ antidonor responses (41). Other studies exam-
ining tolerosomes associated with the development of immuno-
logical tolerance to orally administered Ags demonstrated the
expression of specific class II Ags: DM and DR (42). Thus, the
differential exosomal expression of class II Ags between groups
1 and 2 may also contribute to the suppressive immunopheno-
type associated with uncomplicated term pregnancies.

CD3-zeta Expression (% of Control)
23883833888

JExos I Exos + ZB4 —

1l

lferm * fer'm 20 Teem3 Term4 Term5 Con'rol

=

This Stddy also addressed 4he ‘consequerices of exosome ex-
preéssiomorsoiologicallyactwe’ FasL. Whiteside (43) has pro-
posedsa link betweer’ T cell apoptesis and decreased CD3-¢
expression. Her work ‘previouslylemonstrated that coincuba-
tion of T lyminheeytes'with Fas¥-expressing ovarian tumor cells
»Esulted in'\botal less™of CJ?3-¢ and induction of lymphocyte
apoptosis (44)/FiaCenta-d¢rived exosomes from group 1, which
expressed FasL] suppressed both CD3-¢ and JAK3 proteins,
whircas ekasomesrom group 2 failed to show a statistically
signifieant diffenCnce. When the degree of CD3-¢ and JAK3
suppression was correlated with the exosomal level of FasL for
greup 1 sariples, correlation coefficients of >0.9 were obtained,
pecausesexosomes with a higher FasL content induced the
greatdst reduction in { or JAK3 expression. The suppression by
th<se exosomes were of sufficient magnitude to significantly
reduce the capacity of T cells to produce IL-2 (Fig. 7).

Modulation of the JAK3 pathway is critical for specific type
1 cytokine receptors, which possess common <y-chains and can
modulate CD3-{-mediated activation, leading to T cell anergy.
{ expression is a key signaling intermediate for receptor sig-
naling in both T and NK cells, and the JAK/STAT pathway is
also critical for T regulatory cells and NK cell activation and
function. Normal pregnancy is associated with expansion of
regulatory T cells, which appear to suppress fetal Ag-specific
responses critical in allograft tolerance (45). This expansion
results in amelioration of cell-mediated autoimmune disease,
and the reappearance of autoimmune symptoms after delivery
parallels the postpartum decrease in regulatory T cells (46).
Regulatory T cells expressing CTLA-4 can induce dendritic
cells to express indoleamine 2,3-dioxygenase (IDO) by inter-
acting with its ligand CD80-CD86, thereby promoting maternal
tolerance of the fetal allograft (47). Regardless of lymphoid cell
number, pregnancy-associated immunosuppression has been
linked with impaired IL-15 signaling, which uses the interme-
diate, JAK3 (48). Failure to generate an effective regulatory T
cell can result in the loss or absence of maternal tolerance,
potentially leading to pregnancy loss (47). Although these pla-
centa-derived exosomes may be a key factor in the suppression
of activated CD4 and CDS8 lymphocytes by modulation of
CD3-¢, its consequences in other pathways might lead to ex-
pansion of lymphocytes with suppressive phenotypes, such as
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regulatory T cells. Although most investigations of pregnancy
have focused on simple Th1/Th2 ratios, these pathways are
common to both T and NK cells and may provide an additional
layer of understanding of maternal-fetal immune interactions
beyond the simple production of Th2 and Thl cytokines, to the
functional capacity of their receptors expressed on maternal
lymphoid cells.

The correlation of FasL levels and signaling molecule suppres-
sion is suggestive of a causative relationship; however, to define
the suppressive exosomal component, the CD3-{ inhibitory com-
ponent was isolated by continuously eluting electrophoresis. Each
of the fractionated exosome components was analyzed for
suppression of CD3-¢ in the Jurkat bioassay, and two peaks of
suppressive activity were observed (Fig. 7A). When these compo-
nents were visualized by silver staining on standard SDS-PAGE
gels, one component appeared at 24 kDa, and the second at 42 kDa
(Fig. 7B). Because FasL has been shown to be a component of
group 1-derived exosomes, and it exhibits M, forms in this
range, the identities of these components were assessed by
Western immunoblotting using anti-FasL. Ab. Only the 42-kDa
component stained positively for FasL (Fig. 7C). Because the
anti-FasL. Ab used recognized an epitope present in the intact
and cleaved forms, the absence of reactivity suggested that the
24-kDa protein is not FasL. To confirm the role of FasL in these
exosomal effects, Fas expressed on Jurkat cells was blockst
with ZB4 Ab (Fig. 9). This blockage of Fas resulted in 2/sig-
nificant reversal of exosome-induced CD3-{ suppressior. How-
ever, this did not represent a complete reversal offexosomul
suppression, which might result from technical isgues (Al Con-
centration, time of preincubation, or exosoms incubati¢n) On
may mean that in addition to FasL, other sXosopie-astociatzd
molecules contributed to CD3-{ suppression.

This study presents data indicating that the glaCenias af fetuses
destined to deliver prematurely exhibit signitigatif quantifative ang
qualitative differences in released/cxosomss aompased with those
from pregnancies subsequently” delivering/withGut complications
at term. In addition to qualitative/differences Yetweenexasomes
from these two groups, tlere arésignifieansaifferences in thevev-
els of components asgéciated with iminune regulation. The velease
of exosomes expressing FasL may be ¢iie mechdpism by which the
placenta promeses a state of immune privileged Ahe\mechanisin
leading to théiabsence or diminished levels ‘of FaslZ’en exosgmes
derived from thy, sera of women delivering,pseterm is sinclear.
Current studies are‘nvestigating the synthesis of FasLsin the pre-
term placenta as well a5 in the mechanism resulting/in the overall
decreased levels of exostmes associated with pfeterm birth. Al-
though the underlying mechanisms remain tos/Oe defined, because
exosomes can play a critical regulatory ro!¢ in AICD, preventing
excessive immune responses thaw.canslead to autoreactive re-
sponses, aberrations in exosome proadction and composition dur-
ing fetal development might be an indicator of the inability of
specific individuals to appropriately regulate cellular immunity,
which could result in pathologic conditions during early childhood
as well as later in life.

Disclosures
The authors have no financial conflict of interest.

References

1. Challis, J. R. 2001. Understanding pre-term birth. Clin. Invest. Med. 24: 60—67.

2. Haram, K., J. H. S. Mortensen, and A. L. Wollen. 2003. Preterm delivery: an
overview. Acta Obstet. Gynecol. Scand. 82: 687-704.

3. Tucker, J., and W. McGuire. 2004. Epidemiology of preterm birth. Br. Med. J.
329: 675-678.

4. Hill, G. B. 1998. Preterm birth: associations with genital and possibly oral mi-
croflora. Ann. Periodontal. 3: 222-232.

10.

11.

14.

17,

‘8

21.

g2
23.

24.

25.

26.

27.

28.

29.

30.

31

32.

1541

. Boggess, K. A. 2005. Pathophysiology of preterm birth: Emerging concepts of

maternal infection. Clin. Perinatol. 32: 561-569.

. Offenbacher, S., S. Lieff, K. A. Boggess, A. P. Murtha, P. N. Madianos,

C. M. Champagne, R. G. McKaig, H. L. Jared, S. M. Mauriello, R. L. Auten, Jr.,
et al. 2001. Maternal periodontitis and prematurity. I. Obstetric outcome of pre-
maturity and growth restriction. Ann. Periodontal. 61: 164—174.

. Moore, S., M. Ide, P. Y. Coward, M. Randhawa, E. Borkowska, R. Baylis, and

R. F. Wilson. 2004. A prospective study to investigate the relationship between
periodontal disease and adverse pregnancy outcome. Br. Dent. J. 197: 251-258.

. Moreu, G., L. Tellez, and M. Gonzalez-Jaranay. 2005. Relationship between

maternal periodontal disease and low birth weight pre-term infants. J. Clin. Peri-
odontol. 32: 622—-627.

. Moore, S., M. Ide, M. Randhawa, J. J. Walker, J. G. Reid, and N. A. Simpson.

2004. An investigation into the association among preterm birth, cytokine
gene polymorphisms and periodontal disease. Br. J. Obstet. Gynecol. 111:
125-132.

Varner, M. W., and M. S. Esplin. 2005 Current understanding of genetic factors
in preterm birth. BJOG: Int. J4Obstet. Gynecol. 112(Suppl. 1): 28-31.
Blidaru, I, F. Zugun, C. Cias{ga, aad E. Carasevici. 2002. Maternal Immunophe-
notypic profile in normal s#iegnancy ¢nd preterm birth. Rev. Med. Chir. Soc. Med.
Na. Din. lasi. 10: 3434547.

. Sendag, F., I. M. Itif, M. C. Terek, and h:Yilmaz. 2002. The changes of circu-

lating lymphocy#C subpopulations in womeiywith preterm labour: a case-con-
trolled study. fustr. NZ J. Obstet. Gynaecol. 42, 358-361.

. Pelkonen, /0. S., H. Suomalainen, M. Hallman, anc\M. Turpeinen. 1999. Periph-

eral blosd lymphocyte subpopulations in school children born very preterm.
ArchgDis. ChildwFetal Neonat. Ed. 81: F188-F193.

Hi®t, J. Aan@™R. §. Choi. 2000. Immunodystrophism: ¢uzidence for a novel
{iloimmiae aypothesss for recurrent pregnancy loss involvip2 Thl-type immu-
nity 46 tropiobiasts. femin. Reppad. Med. 18: 401-405.

. DarmOchwal-Ralaiz, D., B. LaszLynska-Gorzelak, J. Refinski, and J. Oleszezuk.

109 Y dielp€iyl- and T helper\Z;type\cytokine imbfilance in pregnant women
with preceiaripsia. Eur. 4.N\Obsier. Gyhécol. Reprgd. Biol. 86: 165-170.

w Green, DK, N. Droin, 4nd M. Piskeski. 2003/ Activation-induced cell death in

feells. Immunol Revs]193: T0-81.

Hsuy'H. C., D. K[ Scoty,and J. DY Mountz#2005. Impaired apoptosis and immune
senescence: oaust, oneffect) Immunol sikev. 205: 130-146.

Monleon, (.4 M) .. Marurcz-Lorepto, L. Monteagudo, P. Lasierra, M. Taules,
M. Iturralae. A Fingivo, M. A. Ahava, J. Naval, and A. Anel. 2001. Differential
secretion of Fa|, ligafid or APG?2 ligand/TNF-related apoptosis-inducing ligand-
carrying microvesicles durifig activation-induced death of human T cells. J. Im-
ndnpl. 167; 6736-6744

L Martinez-L aienzo, MA7J., A. Anel, S. Gamen, I. Monleon, P. Lasierra, L. Larrad,

AL Pireiro, WI. Agalava, and J. Naval. 1999. Activated human T cells release
tioactive Fas Mgand and APO2 ligand in microvesicles. J. Immunol. 163:
1274-1281.

=Zaylor, DFD., and C. Gercel-Taylor. 2005. Tumor-derived exosomes as mediates

of T-cels signaling defects. Br. J. Cancer 92: 305-311.

Gergel-Taylor, C., S. M. O’Connor, G. K. Lam, and D. D. Taylor. 2002. Shed
piembrane fragment modulation of CD3-zeta during pregnancy: link with induc-
tion of apoptosis. J. Reprod. Immunol. 56: 29—44.

Schwartz, R. H. 2003. T cell anergy. Annu. Rev. Immunol. 21: 305-334.
Taylor, D. D., S. A. Sullivan, A. C. Eblen, and C. Gercel-Taylor. 2002. Modu-
lation of T-cell CD3-{ chain expression during normal pregnancy. J. Reprod.
Immunol. 54: 15-31.

Wegmann, T. G., H. Lin, L. Guilbert, and T. R. Mosmann. 1993. Bidirectional
cytokine interactions in the maternal-fetal relationship: Is successful pregnancy a
TH2 phenomenon? Immunol. Today 14: 353-356.

Kersh, E. N., G. J. Kersh, and P. M. Allen. 1999. Partially phosphorylated T cell
receptor molecules can inhibit T cell activation. J. Exp. Med. 190: 1627-1636.
Shores, E. W., T. Tran, A. Grinberg, C. L. Sommers, H. Shen, and P. E. Love.
1997. Role of the multiple T cell receptor (TCR)-{ chain signaling motifs in
selection of the T cell repertoire. J. Exp. Med. 185: 893-900.

Raposo, G., D. Tenza, S. Mecheri, R. Peronet, C. Bonnerot, and C. Desaymard.
1997. Accumulation of major histocompatibility complex class II molecules in
mast cell secretory granules and their release upon degranulation. Mol. Biol. Cell
8: 2631-2645.

Raposo, G., H. W. Nijman, W. Stoorvogel, R. Liejendekker, C. V. Harding,
C. J. Melief, and H. J. Geuze. 1996. B lymphocytes secrete antigen-presenting
vesicles. J. Exp. Med. 183: 1161-1172.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227: 680—685.

Brown, R., C. Clugston, P. Burns, A. Edlin, P. Vasey, B. Vojtesek, and
S. B. Kaye. 1993. Increased accumulation of p53 protein in cisplatin-resistant
ovarian cell lines. Int. J. Cancer 55: 678 -684.

Heijnen, H. F. G., A. E. Schiel, R. Fijnheer, H. J. Geuze, and J. J. Sixma. 1999.
Activated platelets release two types of membrane vesicles: microvesicles by
surface shedding and exosomes derived from exocytosis of multivesicular bodies
and « granules. Blood 94: 3791-3799.

Thery, C., A. Regnault, J. Garin, J. Wolfers, L. Zitvogel, P. Ricciardi-Castagnoli,
G. Raposo, and S. Amigorena. 1999. Selective accumulation of the heat shock
protein hsc73. J. Cell Biol. 147: 599-610.

. Wolfers, J., A. Lozier, G. Raposo, A. Regnault, C. Thery, C. Masurier,

C. Flament, S. Pouzieux, F. Faure, T. Tursz, et al. 2001. Tumor-derived exosomes
are a source of shared tumor rejection antigens for CTL cross-priming. Nat. Med.
7: 297-303.

72027 ‘¢ 3sn3ny uo 1son3 £q /3o jounwrwirf mma//:dny woly papeoumo


http://www.jimmunol.org/

1542

34.

35.

36.

37.

38.

39.

40.

41.

Andre, F., N. E. Schartz, N. Chaput, C. Flament, G. Raposo, S. Amigorena,
E. Angevin, and L. Zitvogel. 2002. Tumor-derived exosomes: a new source of
tumor rejection antigens. Vaccine 20 (Suppl. 4): A28—A31.

Chaput, N., J. Taieb, N. E. Schartz, F. Andre, E. Angevin, and L. Zitvogel. 2004.
Exosome-based immunotherapy. Cancer Immunol. Immunother. 53: 234-239.
Frangsmyr, L., Baranov, V., O. Nagaeva, U. Stendahl, L. Kjellberg, and
L. Mincheva-Nilsson. 2004. Cytoplasmic microvesicular form of Fas ligand in
human early placenta: switching the tissue immune privilege hypothesis from
cellular to vesicular level. Mol. Hum. Reprod. 11: 35-41.

Abrahams, V. M., S. L. Straszewski-Chavez, S. Guller, and G. Mor,. 2004. First
trimester trophoblast cells secrete Fas ligand which induces immune cell apopto-
sis. Mol. Hum. Reprod. 10: 55-63.

Dolo, V., S. D’Ascenzo, S. Violini, L. Pompucci, C. Festuccia, A. Ginestra,
M. L. Vittorelli, S. Canevari, and A. Pavan. 1999. Matrix-degrading proteinases
are shed in membrane vesicles by ovarian cancer cells in vivo and in vitro. Clin.
Exp. Metastasis 17: 131-140.

Griffith, T. S., and T. A. Ferguson. 1997. The role of FasL-induced apoptosis in
immune privilege. Immunol. Today 18: 240-244.

Vacchio, M. S., and R. J. Hodes. 2005. Fetal expression of Fas ligand is necessary
and sufficient for induction of CD8 T cell tolerance to the fetal antigen H-Y
during pregnancy. J. Immunol. 174: 4657-4661.

Morelli, A. E., A. T. Larregina, W. J. Shufesky, M. L. G. Sullivan, D. B. Stolz,
G. D. Papworth, A. F. Zahorchak, A. J. Logar, Z. Wang, S. C. Watkines, et al.
2004. Endocytosis, intracellular sorting and processing of exosomes by dendritic
cells. Blood 104: 3257-3266.

42.

43.

44.

45.

46.

47.

48.

PREGNANCY-ASSOCIATED EXOSOMES

Karlsson, M., S. Lundin, U. Dahlgren, H. Kahu, 1. Patterson, and E. Telemo.
2001. “Tolerosomes” are produced by intestinal epithelial cells. Eur. J. Immunol.
31: 2892-2900.

Whiteside, T. L. 2002. Tumor-induced death of immune cells: its mechanisms
and consequences. Semin. Cancer Biol. 12: 43-50.

Rabinowich, H., T. E. Reichert, Y. Kashii, B. R. Gastman, M. C. Bell, and
T. L. Whiteside. 1998. Lymphocyte apoptosis induced by Fas ligand-express-
ing ovarian carcinoma cells: implications for altered expression of T
cell receptor in tumor associated lymphocytes. J. Clin. Invest. 101:
2579-2588.

Somerset, D. A., Y. Zheng, M. D. Kilby, D. M. Sansom, and M. A. Drayson.
2004. Normal human pregnancy is associated with an elevation in the immune
suppressive CD25" CD4™" regulatory T cell subset. Immunology 112:
38-43.

Sanchez-Ramon, S., J. Navarro, C. Aristimuno, M. Rodriguez-Mahou,
J. M. Bellon, E. Fernandez-Cruz, and C. de Andres. 2005. Pregnancy-induced
expansion of regulatory T-lymshocytes may mediate protection to multiple scle-
rosis activity. Immunol. Lett#96:%96-201.

Aluvihare, V. R., M. Kdilikourdis, ¢ad A. G. Betz. 2004. Regulatory T cells
mediate maternal tolesance to the fetus.\Nat. Immunol. 5: 266-271.
Viswanathaw, K. 4ind F. S. Dhabhar. 2005:Stress-induced enhancement of leu-

kocyte trafficking into sites of surgery or immuiig activation. Proc. Nat. Acad. Sci.
USA 102: 5208-5813.

72027 ‘¢ 3sn3ny uo 1son3 £q /3o jounwrwirf mma//:dny woly papeoumo


http://www.jimmunol.org/

The Journal of Immunology

Letter of Retraction

An institutional research misconduct investigation committee determined multiple figures in the following paper were falsified: “Pregnancy-
Associated Exosomes and Their Modulation of T Cell Signaling” by Douglas D. Taylor, Sibel Akyol, and Cicek Gercel-Taylor, The
Journal of Immunology, 2006, 176: 1534—1542.

Based on the foregoing, the University of Louisville has requested that the above paper be retracted.

Copyright © 2015 by The American Association of Immunologists, Inc. 0022-1767/15/$25.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1500893



