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How	the	fetus	escapes	rejection	by	the	maternal	immune	system	remains	one	of	the	major	unsolved	questions	
in	transplantation	immunology.	Using	a	system	to	visualize	both	CD4+	and	CD8+	T	cell	responses	during	preg-
nancy	in	mice,	we	find	that	maternal	T	cells	become	aware	of	the	fetal	allograft	exclusively	through	“indirect”	
antigen	presentation,	meaning	that	T	cell	engagement	requires	the	uptake	and	processing	of	fetal/placental	
antigen	by	maternal	APCs.	This	reliance	on	a	relatively	minor	allorecognition	pathway	removes	a	major	threat	
to	fetal	survival,	since	it	avoids	engaging	the	large	number	of	T	cells	that	typically	drive	acute	transplant	rejec-
tion	through	their	ability	to	directly	interact	with	foreign	MHC	molecules.	Furthermore,	CD8+	T	cells	that	
indirectly	recognize	fetal/placental	antigen	undergo	clonal	deletion	without	priming	for	cytotoxic	effector	
function	and	cannot	induce	antigen-specific	fetal	demise	even	when	artificially	activated.	Antigen	presentation	
commenced	only	at	mid-gestation,	in	association	with	the	endovascular	invasion	of	placental	trophoblasts	and	
the	hematogenous	release	of	placental	debris.	Our	results	suggest	that	limited	pathways	of	antigen	presenta-
tion,	in	conjunction	with	tandem	mechanisms	of	immune	evasion,	contribute	to	the	unique	immunological	
status	of	the	fetus.	The	pronounced	degree	of	T	cell	ignorance	of	the	fetus	also	has	implications	for	the	patho-
physiology	of	immune-mediated	early	pregnancy	loss.

Introduction
The distinction between “direct” and “indirect” antigen presenta-
tion provides an important framework for understanding afferent 
mechanisms in transplant rejection (1). In the direct pathway, host 
T cells directly engage foreign peptide/MHC complexes on the sur-
face of donor cells. In the indirect pathway, they engage donor-
derived peptides presented, or cross-presented, by host APCs in a 
host MHC–restricted fashion. Due to their high frequency within 
the peripheral T cell repertoire, directly alloreactive T cells have been 
largely considered the major acute threat to graft survival (1–3).  
Indeed, organs such as the heart show poor or absent rejection 
when only indirect antigen presentation is available (4–8).

Direct and indirect allorecognition pathways have not been 
studied during pregnancy, a unique situation where an alloge-
neic tissue escapes rejection despite extensive contact with the 
host (9, 10). Furthermore, the fate of maternal T cells respond-
ing to fetal/placental antigens by either allorecognition pathway 
remains largely unknown. These issues are poorly understood in 
large part because it is unclear how extensively maternal T cells 
are even aware of fetal alloantigens. To date, there has been no 
report to our knowledge of maternal CD4+ T cell recognition of 
the fetus, and conflicting data have emerged regarding maternal 
CD8+ T cell responses during pregnancy. In one study, dramatic 
phenotypic changes were observed as early as E9.5 in splenic CD8+ 
T cells expressing a transgenic TCR directly alloreactive with pater-
nal MHC class I (11). This response, however, has been difficult to 

reconcile with the very low levels of MHC class I (both heavy chain 
and β2-microglobulin) expressed by the murine conceptus during 
the first half of gestation (12–14). Indeed, 2 other studies using 
TCR transgenic mice with different anti–MHC class I TCR clo-
notypes showed minor or absent phenotypic changes in maternal 
CD8+ T cells (15, 16), which instead suggests immune ignorance. 
Antigen-specific maternal T cell responses to minor histocompati-
bility antigens have only been demonstrated in the context of TCR 
transgenic mice bearing CD8+ T cells specific for male H-Y antigen, 
and only in late gestation (17). Critically, all of these studies relied 
upon the use of TCR transgenic females as mating partners, which 
might have led to nonphysiological or absent T cell responses (18), 
and none of them directly visualized T cell proliferation, perhaps 
the best indication of actual TCR engagement.

Recently, a report that took the alternative approach of T cell 
adoptive transfers found no response in antipaternal MHC class I  
and anti–H-Y TCR transgenic T cells when pregnant mice were 
observed up until E6.5, 3 days after implantation (19). How-
ever, to our knowledge, adoptive transfers have not been used 
to study maternal T cell responses during the main period of 
gestation. This approach provides a physiological context for 
visualizing T cell activation and can be used to finely dissect the 
anatomical sites and temporal onset of antigen presentation. 
This latter issue is of interest since several models of allospecific 
abortion in mice show fetal demise relatively early in gestation 
(i.e., E9.5–E13.5), despite the lack of documented antigen-spe-
cific T cell activation (20–23).

Here, we study fetal/placental antigen presentation by combin-
ing T cell adoptive transfers with use of the Act-mOVA transgenic 
mouse line recently generated by Ehst et al. (24). These mice express 
a membrane-bound form of OVA from the ubiquitously active  
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β-actin  promoter  and  were  originally  used  in  experiments 
designed to visualize the priming of CD4+ and CD8+ T cells in 
response to skin grafts in which the only histocompatibility anti-
gen expressed differently between donor and recipient was OVA 
(24). In our system, we directed OVA expression exclusively to the 
fetal allograft by mating Act-mOVA transgenic males to nontrans-
genic females. We then adoptively transferred CD4+ or CD8+ TCR 
transgenic T cells specific for OVA-derived peptides and moni-
tored their responses during pregnancy. Use of this system has 
allowed us to determine the spatial and temporal patterns of anti-
gen dissemination from the murine conceptus and to study the 
behavior of T cells reactive with a model fetal/placental antigen. 
We demonstrate that recognition of the fetus occurs exclusively 
via indirect allorecognition, which leaves the population of T cells 
posing the greatest threat to transplant survival entirely ignorant 
of the fetal allograft.

Results
Spatial and temporal patterns of CD8+ T cell recognition of fetal/placental 
OVA. Our initial experiments focused on defining the spatial and 
temporal availability of fetal/placental OVA for presentation to 
maternal T cells over the course of gestation. To this end, we used 
CD8+ T cells isolated from OT-I TCR transgenic mice. These cells 
express a transgenic TCR specific for the OVA257–264 epitope SIIN-
FEKL presented by the MHC class I molecule H-2Kb and undergo 
prompt and synchronous cell division when appropriately stim-
ulated (25). To track the cells in vivo, we labeled them with the 
fluorescent dye CFSE, which also allows each cell division to be 
visualized by flow cytometry as a sequential 2-fold reduction in 
fluorescence intensity. The cells were then transferred into wild-
type female mice impregnated by males hemizygous for the Act-
mOVA transgene, thus exposing them to a maternal host with a lit-
ter half consisting of Act-mOVA+ concepti. Two days later, the mice 

Figure 1
Spatiotemporal patterns of OT-I T cell recognition of fetal/placental OVA. B6CBAF1 females mated to Act-mOVA or B6 control males were 
adoptively transferred with CFSE-labeled B6CBAF1 OT-I T cells. (A) OT-I proliferation in secondary lymphoid organs. OT-I cells were visualized 
by flow cytometry at the end of their indicated 2-day window of exposure. The percentage of cells undergoing more than 1 cell division is noted; 
such cells were only rarely observed in B6-mated females at any stage of gestation. (B) Midgestational onset of OT-I proliferation in secondary 
lymphoid organs. Act-mOVA–mated female mice at different stages of gestation were transferred with OT-I cells and then sacrificed 2 days later. 
Using raw values for proliferation determined as in A, the percentage of OT-I cells in antigen-driven proliferation was calculated by subtracting 
mean B6-mated control values for each of the 3 secondary lymphoid organ sets in a given experiment from their respective values in individual 
Act-mOVA–mated mice. The graph shows all data for n = 21 Act-mOVA–mated females over 5 independent experiments. (C) Absence of OT-I 
reactivity at the maternal/fetal interface in early gestation. Transferred OT-I cells were visualized in the uterine LNs and in dissected decidua/pla-
centas pooled from several implantation sites. Many of these cells lie along the x axis of the plot and so are difficult to see. We therefore note the 
total number of OT-I cells recovered from these sites. Percentages indicate the fraction of OT-I cells with a CFSEundilutedCD69lo naive phenotype 
(cells in the lower-right quadrant).
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were sacrificed and the transferred cells were analyzed. The short 
time period of 2 days was chosen in order to minimize lympho-
cyte recirculation and thus capture snapshots of the distribution 
of OVA at various anatomical locations during defined windows 
of gestation. As negative controls, we performed parallel adop-
tive transfers of OT-I cells into females mated to C57BL/6 (B6) 
males (H-2b haplotype), the background strain of the Act-mOVA 
line. In order to maximize pregnancy rates, we used highly fertile 
B6CBAF1 females (H-2b/k haplotype) as mating partners (26). This 
necessitated generating OT-I mice on a B6CBAF1 background as 
source of cells for adoptive transfer.

As shown in Figure 1A, OT-I T cells proliferated in the second-
ary lymphoid organs of female mice mated to Act-mOVA males 
(middle and bottom rows) but not in females mated to control B6 
males (top row). By progressively sampling 2-day gestational win-
dows (Figure 1B), we found that vigorous proliferation with up to 5 
rounds of division appeared abruptly and consistently in the spleen 
and draining LNs of the uterus (the paraaortic and renal nodes, 
referred to hereafter as the uterine LNs) on E12.5, 2 days after trans-
fer on E10.5 (e.g., Figure 1A, middle row). Since naive OT-I cells 
initiate proliferation only 24 hours after initial antigen exposure 
and then have a cell cycle time of about 5 hours (27), this timing 
implied that substantial amounts of OVA first became available for 
presentation within secondary lymphoid organs around E10.5. By 
E14.5, OT-I proliferation also variably appeared in the subcutane-
ous LNs (Figure 1A, bottom row) and mesenteric LNs (data not 
shown). We additionally determined the CFSE dilution profile of 
OT-I cells within the pooled decidua and placentas of implantation 
sites themselves, sampling gestational windows from E4.5–E10.5 
to E7.5–E13.5. As shown in Figure 1C, proliferating OT-I cells were 
not observed in implantation sites containing OVA+ concepti as 
late as E13.5, despite vigorous proliferation in the uterine LN, nor 
was there cell-surface upregulation of CD69, a very early activation 
marker that shows increased expression upon TCR engagement 

even prior to cell division. OT-I cells were furthermore generally 
very rare within implantation sites (<5 cells per implantation site 
per million cells injected; data not shown), and despite the difficul-
ty of a statistical analysis there were no obvious differences in num-
ber between those containing OVA+ and OVA– concepti. Together, 
these data demonstrated that the secondary lymphoid organs were 
the primary sites of OVA presentation to maternal T cells and that 
presentation only started at mid-gestation (~E10.5).

We next sought independent confirmation that the disparate 
sites of OT-I proliferation truly reflected the local presence of 
antigen. Strikingly, anti-OVA immunohistochemistry performed 
on spleens of Act-mOVA–mated females on or after E12.5 revealed 
distinct foci of OVA immunoreactivity confined to areas staining 
strongly positive for the follicular dendritic cell (FDC) marker 
CD35 (complement receptor CR1; Figure 2, A–D). Although closely  
associated on individual cells, OVA immunoreactivity (red) was 
frequently broader than CD35 immunoreactivity (green), suggest-
ing OVA accumulation on the FDC surface (Figure 2, E–G). Since 
the spleen does not receive any lymphatic drainage, the presence 
of immunoreactive OVA in this organ directly demonstrates OVA 
release from the conceptus into the maternal circulation. OVA+ 
foci also first consistently appeared in the uterine and subcutane-
ous LNs on E11.5 and E15.5, respectively (Figure 2, H–J).

Further studies suggested that the placenta was the main source 
of shed antigen. Immunohistochemistry performed on Act-mOVA 
concepti on E7.5, about 3 days prior to the onset of antigen pre-
sentation, revealed high OVA expression mainly in a population of 
trophoblasts at the invasive front of the ectoplacental cone (Sup-
plemental Figure 1; supplemental material available online with 
this article; doi:10.1172/JCI28214DS1). These cells continued to 
express high levels of OVA on E9.5 (Figure 3, C and D), at which 
time we additionally detected high expression  in trophoblast 
giant cells surrounding the entire conceptus (Figure 3, A and B)  
and low expression in the embryo proper and the body of the 

Figure 2
OVA shed from the conceptus accumulates on FDCs. (A–G) 
OVA accumulation on splenic FDCs. (A–D) E17.5 spleens 
from Act-mOVA–mated (A and B) or B6-mated (C and D) 
mice double stained for OVA (red; A and C) and CD35 (green; 
B and D). Red pulp is apparent as areas of diffuse green 
staining resulting from rbc rendered artifactually fluorescent 
by the immunohistochemistry protocol. Data are representa-
tive of n = 8–9 mice per group on E15.5–E17.5. Scale bar: 
0.5 mm. (E–G) High-power confocal photomicrographs of a 
double-stained OVA+ focus, showing OVA staining (E), CD35 
staining (F), and the merged image (G). (H–J) OVA accumu-
lation on LN FDCs. (H) Two subcutaneous LNs from an Act-
mOVA–mated mouse on E17.5; a higher magnification of the 
OVA+ focus indicated with an arrow is shown in I. Data are 
representative of all n = 8 mice analyzed at E15.5–E17.5. (J) 
An OVA+ focus in a uterine LN on E11.5, as such foci begin 
to appear. Similar foci were seen in n = 3 of 4 mice analyzed. 
Scale bar: 1 mm (H) and 0.2 mm in (I and J). As in C, LNs 
from B6-mated mice showed no OVA+ foci (data not shown).
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developing placenta (Figure 3, A–D, and data not shown). On E9.5, 
OVAhi ectoplacental trophoblasts had only just begun to appear 
within maternal arterioles as part of the normal developmental 
process of endovascular invasion (Figure 3, C and D). By E10.5, 
however, these cells were clearly lining maternal blood vessels (Fig-
ure 3E), and their high OVA expression levels persisted later into 
gestation (Figure 3F). Endovascular invasion thus coincided with 
our estimate for the initial presentation of OVA to OT-I cells in 
the spleen on E10.5. Importantly, intravenous injections of up to 
2 spleens’ worth of whole splenocytes (both rbc and leukocytes; 
about 2 × 106 cells) from Act-mOVA late-gestational embryos or 
neonates into B6-mated females did not lead to OVA accumula-
tion on FDCs (Supplemental Figure 2). Similarly, the intravenous 
injection of 1 mg soluble OVA into B6-mated females did not lead 
to FDC accumulation (Supplemental Figure 2).

Maternal CD8+ T cells recognize fetal/placental OVA exclusively via the 
indirect allorecognition pathway. The physical presence of OVA in all 
secondary lymphoid organs strongly suggested that OT-I prolifera-
tion was largely induced by maternal APCs that had locally ingested 
antigen and cross-presented OVA peptide. Such presentation would 
be categorized as “indirect.” However, it remained possible that OT-I  
proliferation was also induced by antigen presentation by migra-
tory fetal cells expressing OVA or by the hematogenous shedding 
of OVA peptide/MHC class I complexes from the conceptus and 
their subsequent uptake and retention as intact molecules on the 
cell surface of maternal APCs. These modes of presentation would 
be included in the categories of the classical “direct” pathway or the 
recently described “semidirect” pathway (28), respectively.

To distinguish between these possibilities, we established a mat-
ing scenario that allowed us to determine whether OVA presenta-
tion to OT-I cells in Act-mOVA–mated females still occurred when 
only the conceptus expressed the required MHC restriction element. 
These experiments took advantage of B6.C-H2bm1 mice, which are 
B6 congenics that express a mutant H-2Kb molecule unable to pres-
ent SIINFEKL peptide (29). We first crossed B6.C-H2bm1 and CBA 
(H-2k haplotype) mice to generate (bm1 × CBA)F1 hybrid females. 
These females express H-2Kbm1 and H-2Kk and so are also unable to 
present OVA to OT-I cells, yet they otherwise parallel the B6CBAF1 
females used in our initial experiments. Due to their MHC dispari-
ty, the B6CBAF1 OT-I cells used in the experiments described above 
were partially rejected in (bm1 × CBA)F1 mice after 2 days, leading 
to a 2- to 3-fold decrease in cell number (data not shown). Nonethe-
less, this alloresponse did not preclude using them to detect OVA 
presentation, since they showed the same CFSE dilution profile in 
B6CBAF1 and (bm1 × CBA)F1 hosts when the mice were given SIIN-
FEKL-pulsed B6CBAF1 splenocytes as a source of Kb/SIINFEKL 
complexes (Figure 4A).

To determine whether H-2Kb expression by maternal APCs was 
required for fetal/placental OVA presentation, we transferred OT-I  
cells into Act-mOVA–mated (bm1 × CBA)F1 females on or after 
E12.5. Since Act-mOVA males are homozygous for H-2Kb, all con-
cepti still bore 1 H-2Kb allele and thus expressed the necessary MHC 
determinant for OT-I activation. Nonetheless, the transferred cells 
failed to proliferate and showed the same CFSE dilution profile as 
when transferred into B6-mated females (Figure 4B). This stood 
in contrast to the robust and consistent proliferation seen in Act-

Figure 3
Act-mOVA expression at the maternal/fetal interface. Sections 
of implantation sites of Act-mOVA (A, C, E, and F) or nontrans-
genic concepti (B and D) stained with anti-OVA antibodies (red). 
C–F also show artifactually fluorescent maternal red blood cells 
(green) to demarcate maternal blood vessels, and DAPI-stained 
nuclei (blue). (A and B) E9.5 implantation sites show high OVA 
expression in transgenic concepti (n = 9) confined to trophoblast 
giant cells (arrowheads) and trophoblasts at the invasive front of 
the ectoplacental cone (epc; arrow) abutting the maternal decidua 
(dec). Scale bar: 1 mm. (C–E) Higher-power magnifications show 
that transgenic trophoblasts expressing high levels of OVA had not 
yet invaded maternal arteries by E9.5 (C and D) but were lining 
maternal vessels (arrows) by E10.5 (E; n = 5). Transgenic tropho-
blasts expressed low levels of OVA in the body of the ectoplacental 
cone and developing labyrinth (lab), where they also contact mater-
nal blood (compare the purple-tinged color of these structures in C 
and E, reflecting a combination of OVA staining and the DAPI coun-
terstain, with their blue color in D). Fetal rbc appear blue-tinged due 
to their nucleation (arrow in D); the asterisk in C marks the vestigial 
uterine lumen. Scale bar: 0.4 mm. (F) At E13.5, transgenic tropho-
blasts expressing high levels of OVA were closely associated with or 
lining (arrowheads) maternal arteries deeper in the decidua (n = 3).  
By late gestation, high OVA expression was also apparent in the 
spongiotrophoblast layer (data not shown). Scale bar: 0.2 mm.
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mOVA–mated B6CBAF1 females (Figure 1, A and B). Thus, we 
conclude that OVA presentation to maternal OT-I cells does not 
involve the direct engagement of fetal or placental peptide/MHC 
class I complexes and is instead mediated exclusively by maternal 
APCs and indirect presentation.

Directly alloreactive T cells remain ignorant of paternal H-2K over the 
entirety of gestation. Our unambiguous demonstration of indirect 
fetal/placental OVA presentation stood in stark contrast to previ-
ous contradictory findings regarding the ability of CD8+ T cells to 
directly recognize paternal MHC class I molecules during pregnancy  
(11, 15, 16). In particular, our data would not have been predicted 
by a report that antipaternal MHC class I TCR transgenic T cells 
show dramatic phenotypic changes as early as E9.5 in intact TCR 
transgenic mice (11). However, this report is inconsistent with data 
suggesting that the conceptus does not express MHC class I in the 
first half of gestation (12–14). Indeed, we confirmed these latter 
findings by performing anti–MHC class I immunohistochemistry 
on implantation sites from wild-type and MHC class I–deficient 
mice (H2KbDb knockout mice) mated in various combinations to 
selectively allow for MHC class I expression in the maternal and 
fetal compartments together, the fetal compartment alone, or nei-
ther compartment (Supplemental Figure 3).

To understand these discrepant observations, we thoroughly 
and directly assessed the level of direct recognition of paternal 
MHC class I molecules during pregnancy using an adoptive trans-
fer model that paralleled our OT-I transfer experiments and that 
avoided the potential pitfalls of using intact TCR transgenic mice 
as mating partners. Specifically, we used CD8+ T cells isolated from 
BM3 TCR transgenic mice (CBA strain background [H-2k haplo-
type]) (30). These cells express a transgenic TCR that shows direct 
alloreactivity with H-2Kb itself (30). The cells were CFSE labeled 
and transferred into CBA females impregnated by either syngeneic 
CBA or allogeneic B6 (H-2b) males. In both situations, the BM3 
cells remained naive, in that they did not proliferate in the spleen, 

uterine LNs, or implantation sites during both early 
and late gestation, nor did they upregulate the early 
and sensitive activation markers CD69 and CD44 (Fig-
ure 5 and Supplemental Figure 4). Thus, anti–H-2Kb 
BM3 cells transferred into pregnant females appeared 
ignorant of H-2b concepti.

Ignorance of fetal H-2Kb was confirmed by addition-
al data. Like transferred OT-I cells, BM3 cells were very 
rare within implantation sites (<15 cells per implan-
tation site per million cells  injected; Supplemental 
Figure 4); however, there was no evidence of selective 
enrichment or depletion when these sites were gener-
ated by matings with B6 versus CBA males. Indeed, 
the frequency of BM3 cells isolated from implantation 
sites and expressed as a percentage of the total CD8+ 
T cell number within those sites was similar to their 
frequency within the peripheral blood of the same ani-
mal, independent of its mating partner (Supplemental 
Figure 4). This suggests that BM3 cells isolated from 
implantation sites were simply intravascular. BM3 cells 
also showed no reduction in CD8 or TCR-β expression 
levels (Supplemental Figure 4). Importantly, BM3 cells 
transferred to B6- or CBA-mated females showed the 
same CFSE dilution and activation marker expression 
profile when the mice were additionally given an intra-
venous injection of B6CBAF1 splenocytes, indicating 

that there was no differential loss in responsiveness in these cells 
to exogenous H-2Kb molecules (Figure 5 and Supplemental Fig-
ure 4). Last, BM3 proliferation was undetectable in the secondary 
lymphoid organs of females mated to Act-mOVA males (data not 
shown [n = 5]; we did not assess implantation sites or activation 
marker expression profiles with these crosses). Together, these 
results strongly suggested that BM3 cells are simply ignorant of 
paternal H-2Kb molecules expressed by the conceptus, a conclu-
sion that is completely consistent with our OT-I studies showing a 
lack of direct recognition of fetal/placental OVA.

Maternal CD4+ T cells also recognize the conceptus exclusively by indirect 
antigen presentation. Our Act-mOVA mating system also allowed us 
to visualize maternal CD4+ T cell responses to the conceptus. Such 
responses have not previously been reported to our knowledge. For 
these experiments, we used CD4+ T cells isolated from OT-II TCR 
transgenic mice (25). These cells recognize the OVA323–339 epitope 
presented by the MHC class II molecule I-Ab. To map the spatial 
and temporal distribution of antigen presentation, we again used 
B6CBAF1 females as mating partners and adoptively transferred 
OT-II cells from mice that had been bred onto a B6CBAF1 back-
ground. We also extended the window of T cell exposure to a 4-day 
period to account for the less vigorous response of OT-II versus 
OT-I cells we observed for this strain background. Nonetheless, 
the overall pattern of response was very similar in the 2 cell types. 
Thus, OT-II proliferation in Act-mOVA–mated females was first 
evident at mid-gestation in the uterine LNs and spleen and became 
largely systemic by E15.5 (Figure 6A). Like OT-I and BM3 T cells, 
OT-II T cells were virtually undetectable within implantation sites 
(<5 cells per implantation site per million cells injected; data not 
shown) and showed no obvious selective enrichment or depletion 
at E18.5 in OVA+ versus OVA– implantation sites.

To determine the pathways of OVA presentation to OT-II cells, 
we mated Act-mOVA males to B6 congenic B6.C-H2bm12 mice, 
which bear a mutant I-Ab molecule, and transferred OT-II RAG1–/– 

Figure 4
Indirect presentation of fetal/placental OVA to maternal OT-I T cells. (A) OT-I cells 
on a B6CBAF1 background are able to detect Kb/SIINFEKL complexes in (bm1 
× CBA)F1 mice. Splenocytes from (bm1 × CBA)F1 or B6CBAF1 female virgins 
were analyzed 2 days after the injection of CFSE-labeled B6CBAF1 OT-I cells, 
with or without a concurrent injection of SIINFEKL-loaded B6CBAF1 splenocytes. 
Histograms were normalized to account for the loss of OT-I cells in (bm1 × CBA)F1 
mice. (B) Lack of OT-I proliferation in (bm1 × CBA)F1 females mated to Act-mOVA 
males. Splenocytes from B6- or Act-mOVA–mated (bm1 × CBA)F1 females were 
analyzed 2 days after the injection of CFSE-labeled B6CBAF1 OT-I cells on or 
after E12.5. Data are representative of n = 10 Act-mOVA–mated (bm1 × CBA)F1 
and n = 3 B6-mated mice in 3 independent experiments. Identical results were 
obtained with LN cells.
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cells in late gestation. Unlike in the experiments with B6.C-H2bm1 
mice described above, there was no expectation of an alloresponse 
against the transferred cells, since they do not express MHC class II,  
and indeed their 4-day survival in B6 and B6.C-H2bm12 hosts was 
identical (data not shown). As seen in Figure 6B, OT-II cells trans-
ferred into Act-mOVA–mated B6.C-H2bm12 females showed no pro-
liferative response, whereas a vigorous response was seen in Act-
mOVA–mated B6 females. These results demonstrate that OT-II 
cells, like OT-I cells, respond to OVA expressed by Act-mOVA con-
cepti exclusively via indirect presentation.

Clonal deletion and defective priming of CD8+ T cells following expo-
sure to fetal/placental OVA. Last, we used OT-I adoptive transfers to 
study the behavior of OVA-reactive CD8+ T cells in Act-mOVA–
mated females. Within 4 day after transfer at mid- to late gesta-
tion, OT-I cells had expanded 5-fold in uterine LNs and 3-fold 
in the spleen and subcutaneous LNs. However, the cells did not 
accumulate further, and at 3 weeks after delivery (~1 month after 
transfer) were as prevalent as OT-I cells transferred into B6-mated 
females (Figure 7A). Since the 8 cell divisions we could visualize in 
Act-mOVA–mated females predicted a 256-fold expansion, their 
failure to accumulate strongly implied ongoing cell death. Such 
clonal deletion is frequently seen when T cells encounter antigen 
in the absence of inflammatory signals or under the influence of 
negative regulation (27, 31–34). For example, the injection of 100 

μg endotoxin-free OVA into virgin females induced a maximal 
2- to 4-fold expansion of OT-I cells after 3 days in all secondary 
lymphoid organs (Figure 7A), despite multiple rounds of division 
(e.g., see Figure 7C). In contrast, injection of virgin females with 
100 μg OVA plus agonistic anti-CD40 antibodies and the TLR3 
ligand poly(I:C), an adjuvant regimen known to evoke strong anti-
OVA cellular immunity (35), induced a long-lasting 50- to 100-fold 
expansion of OT-I cells (Figure 7A).

Further experiments also revealed priming defects in OT-I cells 
when they were exposed to fetal/placental OVA. These defects were 
again consistent with generally accepted patterns of peripheral  
T cell tolerance (27, 31–34). First, splenic OT-I cells in Act-mOVA–
mated females failed to downregulate CD62 ligand (CD62L) and 
upregulate CD25, 2 changes in surface marker expression associ-
ated with productive immune responses (Figure 7B). Second, the 
cells expressed low levels of the effector cytokines IFN-γ, IL-2, and 
IL-4 (Figure 7C). We observed the same defective cytokine and acti-
vation expression profiles in the uterine and subcutaneous LNs 
(Figure 7D and data not shown), which argues against any regional 
regulation of the immune response. OT-I cells also expressed rela-
tively low levels of IFN-γ and IL-2 when virgin hosts were injected 
with OVA in the absence of adjuvant but expressed high levels of 
IFN-γ and IL-2 when immunized with OVA plus anti-CD40 anti-
bodies and poly(I:C) (Figure 7, C and D). Last, in vivo killing assays 

Figure 5
Maternal BM3 cells directly alloreactive with paternal H-2Kb show immune ignorance during gestation. CBA females mated to either CBA males 
or B6 males were adoptively transferred with CFSE-labeled BM3 T cells in during the first half of gestation (E5.5–E10.5). Splenocytes and 
implantation sites (pooled decidua/placentas) were analyzed by flow cytometry either 2 days later (early gestation, E7.5–E9.5) or 6–7 days later 
(late gestation, E13.5–E17.5). Percentages indicate the fraction of BM3 cells with CFSEundilutedCD69lo or CFSEundilutedCD44lo naive phenotypes 
(cells in the lower-right quadrant). The total number of BM3 cells recovered from implantation sites is noted. Some mice were also stimulated 
by the intravenous injection of 5 × 106 B6CBAF1 splenocytes at the times indicated before sacrifice. Implantation sites are not shown for these 
mice since they showed a dramatic loss of BM3 cells from blood and implantation sites, likely due to their retention within secondary lymphoid 
organs. Data are representative of n = 4–7 mice per group in 2 independent experiments. In additional experiments, n = 6 CBA females mated 
to B6 males also failed to show evidence of TCR engagement in transferred BM3 cells when assayed for proliferation alone.
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performed 6 days after OT-I transfer detected only low levels of 
SIINFEKL-specific cytotoxicity in Act-mOVA–mated females as 
well as virgins injected with OVA without adjuvant, whereas vir-
gins injected with OVA plus anti-CD40 antibodies and poly(I:C) 
showed strong cytotoxicity (Figure 8A).

As expected from the above results with OT-I adoptive trans-
fers, B6-mated females, Act-mOVA–mated females, and OVA-
injected virgin females all showed undetectable SIINFEKL-spe-
cific cytotoxicity when they bore unmanipulated T cell repertoires 
(Figure 8B, top row). Presumably, endogenous OVA-reactive T cells 
in Act-mOVA–mated females were undergoing the same abortive 
expansion and defective priming we observed for transferred OT-I 
cells. To test whether exogenous adjuvants could “convert” this 
abortive response into productive cellular immunity, we treated 
mice with anti-CD40 antibodies and poly(I:C) at mid-gestation 
(Figure 8B, bottom row). Interestingly, strong SIINFEKL-specific 
cytotoxicity could be detected in some Act-mOVA–mated females 
6 days later (e.g., the mouse for which results are shown in Figure 
8B); however, this response was not as robust on average as that 
seen with virgin females (Figure 8, B and C).

Consistent with our previous results showing that anti-CD40 
antibody treatment alone does not induce abortion in either synge-
neic or fully allogeneic mating combinations when given from E9.5 
onward (26), treatment with anti-CD40 antibodies plus poly(I:C) 
in the above-described experiments did not induce wholesale abor-
tion in B6- or Act-mOVA–mated females. Remarkably, however, we 
could not detect a specific loss of Act-mOVA concepti. In this set 
of mice, Act-mOVA+ concepti represented 33 of 78 (42%) of total 
concepti from untreated Act-mOVA–mated females and 17 of 44 
(39%) of total concepti from Act-mOVA–mated females treated 

with anti-CD40 antibodies and poly(I:C). Thus, the presence of 
documented anti-OVA CTL activity in pregnant females did not 
induce the death of Act-mOVA+ concepti.

Discussion
A system to study maternal T cell responses toward the allogeneic fetus. In 
the present study, we describe a system that enables the clear visu-
alization of CD4+ and CD8+ T cell responses to the fetus. The sys-
tem is based upon assessing the behavior of adoptively transferred 
anti-OVA TCR transgenic T cells in wild-type females impregnated 
by Act-mOVA transgenic males. The Act-mOVA transgene is thus 
targeted specifically to the fetus, with particularly high expression 
in trophoblast giant cells and endovascular trophoblasts directly 
at the maternal/fetal interface.

Strikingly, the hematogenous release of OVA from the conceptus 
induced the proliferation of both OT-I (CD8+) and OT-II (CD4+) 
anti-OVA T cells throughout all secondary maternal lymphoid 
organs, in parallel with the local accumulation of OVA on FDCs. 
Since FDCs are a nonmigratory cell type not thought to be involved 
in T cell antigen presentation, a likely scenario is that blood-borne 
OVA was ingested and processed by resident professional APCs. 
Initial high splenic uptake would explain the relatively delayed and 
variable presentation observed in the subcutaneous LNs. Conversely,  
the early and consistent appearance of OVA in the uterine LNs sug-
gests additional transport via the regional lymphatics.

Two lines of evidence suggest that trophoblasts were the main 
if not sole source of shed antigen, as would be expected from 
straightforward topological considerations and the high OVA 
expression level of endovascular trophoblasts. Most important, we 
could rule out a substantial contribution from migratory embry-

Figure 6
Maternal OT-II CD4+ T cells respond to fetal/placental OVA 
via indirect presentation. (A) OT-II cell proliferation in sec-
ondary lymphoid organs. B6CBAF1 females mated to Act-
mOVA or B6 control males were adoptively transferred with 
CFSE-labeled B6CBAF1 OT-II T cells. OT-I cells were visu-
alized by flow cytometry at the end of their indicated 4-day 
window of exposure. The percentage of cells undergoing 
more that 1 cell division is noted; such cells were only rarely 
observed in B6-mated females at any stage of gestation. 
Data are representative of n = 6 Act-mOVA–mated mice and 
n = 6 B6-mated mice over 3 independent experiments. (B) 
Indirect presentation of fetal/placental OVA. Splenocytes 
from B6- or Act-mOVA–mated B6 or B6.C-H2bm12 females 
were analyzed 4 days after the injection of CFSE-labeled 
OT-II cells late in gestation (on or after E13.5). Data are rep-
resentative of 2 independent experiments, encompassing  
n = 5 Act-mOVA–mated B6.C-H2bm12 mice, n = 5 Act-mOVA–
mated B6 mice, and n = 2–4 mice each in the 2 other mating 
groups. Identical results were obtained with LN cells.
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onic hematopoietic cells, since we could not recapitulate the pat-
tern of OVA accumulation on FDCs by intravenously injecting  
B6-mated females with unfractionated spleen cells (both rbc and 
wbc) from late-gestational Act-mOVA embryos or Act-mOVA neo-
nates. A nonhematopoietic source of antigen is also consistent 

with previous work showing that nucleated fetal cells are very 
rare in the blood of pregnant mice (36). Second, our estimate for 
when OVA first becomes available for presentation in the spleen, 
E10.5, correlated with the invasion of OVA-expressing tropho-
blasts into the maternal arterioles of the decidua. Endovascular 

Figure 7
Defective OT-I cell priming in pregnant mice bearing Act-mOVA concepti. (A) Impaired cell accumulation. The number of OT-I cells remain-
ing after transfer into Act-mOVA–mated females was calculated as a percentage of total CD8+ T cells, then normalized to the number of cells 
remaining after equivalent time periods in B6-mated mice injected in parallel. Similarly, the number of OT-I cells remaining in virgin females 
treated with OVA or OVA plus anti-CD40 antibodies and poly(I:C) was normalized to the number remaining in untreated virgins. Each point rep-
resents mean ± SEM of n = 3–10 Act-mOVA–mated or n = 2–3 virgin mice. (B) Impaired modulation of CD62L and CD25 expression. OT-I cells 
were analyzed either 7 days after transfer into E10.5 Act-mOVA–mated or in virgin mice 3 days after treatment with OVA plus anti-CD40 anti-
bodies and poly(I:C). Plots are representative of 3 independent experiments, each with individual mice or pools of n = 2–5 Act-mOVA–mated 
and n = 1–3 virgin mice per experiment. Plots display similar cell numbers in the 2 groups of mice, even though this does not represent their 
relative prevalence in vivo. The percentage of OT-I cells with altered marker expression is shown. (C and D) Impaired cytokine expression. 
Seven days after transfer into E10.5 pregnant mice, OT-I cells in the spleen (C) or uterine LNs (D) were stained for intracellular cytokines. 
Virgin females were similarly analyzed 7 days after indicated treatments given at the time of OT-I transfer. The percentage of OT-I cells with a 
CFSElocytokine+ phenotype is shown. Data are representative of 2 independent experiments, each with a pool of n = 4 Act-mOVA–mated mice. 
The other treatment groups show data representative of individual mice or pools encompassing a total of n = 2–6 mice per group.
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invasion would thus expose the cell membranes of the cell popula-
tion expressing the highest level of OVA in the midgestational con-
ceptus directly to the maternal circulation. It is also possible that 
substantial contributions come from other trophoblast subtypes, 
particularly labyrinthine trophoblasts, which express lower levels 
of OVA on a per cell basis but have a very high contact surface area 
with maternal blood.

Unsurprisingly, the accumulation of OVA on FDCs could not 
be recapitulated by the intravenous injection of 1 mg OVA into  
B6-mated B6CBAF1 females. Thus, OVA shedding from the con-
ceptus is unlikely to have occurred through the simple extracellular 
cleavage and release of soluble monomers. One alternative is that 
OVA is released in association with apoptotic blebs formed by 
endovascular trophoblasts. A parallel process has already been 
described during human pregnancy in the release of syncytial 
knots from villous syncytiotrophoblasts (37). The binding of shed 
OVA to FDCs, a cell type notable for its ability to trap immune 
complexes and complement-fixed material (38), suggests potential 
pathways involved in the disposition of shed material.

Maternal T cells become aware of the fetus exclusively by the indirect 
pathway of transplant allorecognition. To determine the molecular 
pathways involved in OVA presentation, we used congenic female 
mating partners that were unable to present OVA-derived peptides 
to OT-I and OT-II cells. These pregnancies failed to show any OVA-
specific proliferative responses, indicating a requirement for anti-

gen uptake and presentation by maternal APCs. In other words, 
maternal T cells became aware of OVA expressed by the conceptus 
exclusively by indirect presentation.

In the case of MHC class II–restricted T cell responses, a require-
ment for indirect OVA presentation was not so surprising given the 
known lack of MHC class II expression by the murine placenta (14). 
In contrast, the requirement for indirect OVA presentation to mater-
nal CD8+ T cells (i.e., cross-presentation) was unexpected, since it sug-
gested that CD8+ T cells in general were not able to directly engage 
fetal/placental MHC class I molecules. However, this was confirmed 
by our adoptive transfer experiments showing that BM3 cells directly 
alloreactive to H-2Kb remain ignorant of H-2Kb concepti.

Interestingly, our results with transferred BM3 cells are largely 
consistent with the minor phenotypic changes observed in a study 
by Zhou and Mellor that used intact BM3 transgenic mice as mat-
ing partners with H-2b (C57BL/10) males (16). While originally 
taken as evidence for T cell recognition of paternal H-2Kb, these 
changes represented only a 20% reduction in CD8 expression lev-
els on splenic T cells and a 2-fold increase in the number of CD8+ 
cells. The cause of this increase was not determined, and prolifera-
tion was not directly assessed. Importantly, these authors noted 
that BM3 cells in females mated to H-2b males did not upregulate 
CD44, a sensitive marker of antigen exposure, and responded to 
ex vivo challenge as though they were naive. The minor discrepan-
cies between our findings and those of Zhou and Mellor might 

Figure 8
Defective OVA-specific cytotoxic responses in Act-mOVA–mated 
mice. In vivo cytotoxicity assays were performed by injecting 
50:50 mixtures of CFSEhi SIINFEKL-pulsed B6CBAF1 spleno-
cytes (target cells) and CFSElo unpulsed splenocytes (control 
cells). The ratio (r) was calculated as the number of CFSEhi 
to CFSElo cells remaining 16 hours later; low ratios imply high 
levels of SIINFEKL-specific killing. (A) Low levels of SIINFEKL-
specific cytotoxicity in Act-mOVA–mated mice receiving OT-I 
cells. E10.5–E11.5 pregnant or virgin females injected with OT-I 
cells were treated as indicated, then assayed 6 days later. Data 
are representative of 2 independent experiments, encompass-
ing n = 4 Act-mOVA–mated mice. (B) Absent SIINFEKL-spe-
cific cytotoxicity in Act-mOVA–mated mice with unmanipulated 
T cell repertoires, unless treated with anti-CD40 antibodies and 
poly(I:C). E10.5–E13.5 pregnant or virgin females were treated 
as indicated, then assayed 6 days later. Data are from of 1 of 6 
independent experiments. Each histogram shows representative 
data for a treatment group, except in the case of Act-mOVA–
mated females treated with anti-CD40 antibodies and poly(I:C), 
for which results for the mouse with the highest cytotoxicity are 
shown. The total number of mice in each group over all experi-
ments is indicated. (C) CTL responses in Act-mOVA–mated 
females treated with CD40 antibodies and poly(I:C). The per-
centage of induced SIINFEKL-specific killing was calculated by 
normalizing the CFSEhi to CFSElo ratio for individual anti-CD40/
poly(I:C)-treated mice to the mean value of this ratio for their 
respective nonadjuvant-treated group. Act-mOVA–mated mice 
were assayed in 3 independent experiments; the number of Act-
mOVA concepti/total concepti for each of these mice is shown. 
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thus simply reflect the use of intact TCR transgenic mice versus 
the adoptive transfer of TCR transgenic T cells. Overall, the data 
indicate that maternal T cells do not directly recognize MHC mol-
ecules expressed by the conceptus.

This conclusion strongly challenges the current dogma estab-
lished by another study that addressed maternal T cell responses 
toward paternal MHC molecules (11). This study used TCR trans-
genic mice expressing the Des-TCR clonotype, which like the BM3 
clonotype is alloreactive with H-2Kb (11). When intact Des-TCR 
transgenic females were mated to H-2b males, a large number of 
splenic T cells showed substantial phenotypic changes as early as 
E9.5. Such a response is clearly at odds with the otherwise unde-
tectable level of MHC class I expression by the early conceptus, and 
here again cell proliferation was not directly assessed. Importantly, 
the opposing response seen with the Des-TCR versus the BM3 sys-
tem cannot be explained by a differential sensitivity of the Des-TCR 
versus BM3 clonotypes, as both are considered high-avidity TCRs 
(39). If anything, Des-TCR T cells are more difficult to activate 
than BM3 T cells, since they require CD8 coreceptor engagement 
in addition to TCR engagement (39). Instead, the results with Des-
TCR T cells might relate to their atypical behavior (dramatic CD8 
and TCR downregulation upon activation, which we did not see in 
any of our adoptive transfer experiments; Supplemental Figure 4 
and data not shown).

Limited pathways of fetal allorecognition and mechanisms of fetomater-
nal tolerance. An absence of direct allorecognition of the fetus has 
major implications for mechanisms of fetomaternal tolerance. 
Direct allorecognition is thought to occur with all transplanted 
solid organs, and while its importance has best been established 
for acute cardiac transplant rejection (4–8), direct allorecognition 
is thought to provide a primary stimulus for acute rejection in gen-
eral (1). Indeed, directly alloreactive T cells outnumber indirectly 
reactive T cells by a greater than 10 to 1 margin (2) and in absolute 
terms have recently been estimated to constitute approximately 
0.5%–7% of the peripheral T cell repertoire (2, 3). Thus, the lack of 
direct recognition of the fetal allograft removes a major immuno-
logical threat to fetal survival. The reason for this substantial level 
of immune ignorance is currently unclear but may involve the lack 
of a substantial “passenger leukocyte” population or professional 
APC population of fetal origin within the placenta and the virtu-
ally undetectable levels of MHC class I expression by the conceptus 
during the first half of gestation.

The absence of direct allorecognition, however, does not remove 
all immunological danger for the allogeneic fetus. Indirect pre-
sentation has become increasingly appreciated as an important 
adjunct pathway in transplant allorecognition and in the case 
of skin grafts is sufficient to mediate rejection in the absence of 
direct presentation (5, 7, 40–43). Our results suggest that 2 addi-
tional mechanisms may therefore be important for insuring feto-
maternal tolerance. First, we find that T cells indirectly reactive 
to fetal/placental OVA undergo clonal deletion and are poorly 
primed during pregnancy. This kind of response, while consistent 
with many general studies of peripheral T cell tolerance, would 
not have been expected based on the transplantation literature. 
Rather, indirectly alloreactive T cells can be primed to both skin 
and heart transplants, even in experimental situations where direct 
allorecognition is absent (5, 7, 40–44). One possibility for the dif-
ferential behavior of the fetus versus surgical organ transplants is 
that pregnancy may lack the local and/or systemic inflammatory 
response associated with surgery. However, the reduced ability of 

anti-CD40 antibodies and poly(I:C) to induce a SIINFEKL-spe-
cific cytotoxicity in Act-mOVA–mated females suggests that nega-
tive regulation might also play a role in poor T cell priming. This 
would be in line with recent studies suggesting that regulatory  
T  cells  and  the  inhibitory  costimulatory  molecule  PDL1  are 
involved in fetomaternal tolerance (21, 22). It is also possible that 
pregnancy hormones or factors released from the conceptus in 
association with OVA itself have dominant regulatory function.

The second mechanism that may insure fetomaternal tolerance 
is an inability of effector T cells to attack the fetus. Thus, we find 
that anti-OVA CD8+ T cells artificially primed during pregnancy by 
anti-CD40 antibodies and poly(I:C) are unable to kill Act-mOVA+ 
concepti. Although we do not currently know whether placental 
cells express sufficient Kb/SIINFEKL complexes to be recognized 
by effector CD8+ T cells, this result is reminiscent of the poor 
immunological assault encountered by heart transplants when 
recognized exclusively by indirectly alloreactive, yet primed, CD8+ 
T cells (7). This latter phenomenon has been linked to the fact 
that heart transplants largely retain donor endothelial cells to line 
their blood vessels (7). In contrast, the rejection of skin grafts by 
indirectly alloreactive CD8+ T cells has been suggested to be due to 
their revascularization by host endothelial cells and the potential 
for these cells to locally cross-present antigen (7). Interestingly, the 
placenta resembles a cardiac allograft in that the cells (i.e., tropho-
blasts) in direct contact with blood are of donor origin.

In summary, our results have revealed 3 independent mecha-
nisms that simultaneously protect the fetus from rejection by the 
maternal immune system. First, there is an absence of direct recog-
nition of the fetus, which means that the large number of directly 
alloreactive T cells that typically drive acute transplant rejection 
are simply ignorant of the fetal allograft. Second, those maternal 
T cells that can indirectly recognize the fetus are poorly primed 
and instead undergo clonal deletion. Third, indirectly alloreactive 
T cells, if spuriously (or experimentally) activated, are still unable 
to attack the fetus. Each of these levels of regulation in turn raises 
its own set of mechanistic questions.

Limited pathways of fetal allorecognition and mechanisms of early preg-
nancy loss. Besides the absence of direct recognition of the fetus 
over the entirety of gestation, several lines of evidence suggest that 
indirect recognition of the early embryo may be severely limited as 
well. First, presentation of fetal/placental OVA commenced no ear-
lier than E10.5, despite expression by trophoblasts at the forefront 
of the ectoplacental cone as early as E7.5. Second, maternal T cells 
are ignorant of H-Y antigen from the time of copulation up until 
E6.5, which covers the period of semen exposure as well as early 
postimplantation development (19). Third, the virtual absence 
of MHC expression by the early conceptus would in itself predict 
limited possibilities for indirect recognition, since peptides derived 
from donor MHC molecules are thought to be the primary source 
of minor antigens for the indirect recognition of surgical organ 
transplants (2). While it is possible that other fetal or placental 
minor histocompatibility antigens have higher expression levels 
than OVA or H-Y antigen, or increased accessibility to maternal 
APCs, current evidence thus suggests that maternal T cells may be 
largely ignorant of the fetus early in gestation.

This interpretation is clearly discordant with the increasing num-
ber of studies that show the induction of early pregnancy loss in an 
allospecific fashion, i.e., in allogeneic but not syngeneic mating com-
binations. These studies show fetal damage as early as E9.5–E13.5 
(20–23), which is remarkably fast considering that implantation 
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occurs late on E3.5. For comparison, fully mismatched wild-type 
skin grafts, recognized by both direct and indirect antigen presenta-
tion, are rejected after about 10 days. Thus, the question arises: In 
the case of allospecific early pregnancy loss, how has the maternal 
immune system discriminated self from non-self?

The resolution of this paradox will not only be important for 
our basic understanding of the immunology of pregnancy but 
will have clinical implications for organ transplantation and early 
pregnancy failure in humans. One possibility is that nonspecific, 
but nonlethal, damage to the early embryo induces embryonic 
expression of MHC molecules or potent minor histocompatibility 
antigens and that T cell activation and ultimate fetal demise are 
secondary events. Another possibility invokes a role for NK cells. 
These cells are by far the most abundant leukocyte population at 
the maternal/fetal interface at the time of early embryo loss and 
have recently been implicated in the rejection of solid organs (45). 
Furthermore, NK cells can be activated by stress-induced ligands 
rather than simply the absence of self-MHC (46). It is therefore 
plausible that their behavior at the maternal/fetal interface might 
be regulated by developmental processes intrinsic to the strain 
combination, rather than by antigenic disparities between father 
and mother. Indeed, recent work in humans has suggested that 
decidual NK cells engage non–MHC class I ligands at the mater-
nal/fetal interface (47). Intriguingly, a model of cardiac allograft 
vasculopathy  was  recently  shown  to  require  a  collaboration 
between NK cells and CD4+ T cells that had neither direct nor 
indirect alloreactivity toward donor antigens (48). This suggests 
that bystander T cell activation might be an important mecha-
nism for NK cell–mediated allograft damage and might explain 
why manipulations that cause allospecific abortion often require 
intact adaptive immune systems. The inflammatory cytokines 
produced by the NK–T cell collaboration might cause fetal demise 
by interfering with developmental processes at the maternal/fetal 
interface, by causing local derangements  in hemostasis, or by 
inhibiting ovarian progesterone biosynthesis if produced at suf-
ficient systemic levels (26).

Methods
Mice. Act-mOVA and BM3 mice were gifts of M. Jenkins (University of Min-
nesota Medical School, Minneapolis, Minnesota, USA) and A. Mellor (Medi-
cal College of Georgia, Augusta, Georgia, USA), respectively. B6CBAF1, B6.C-
H2bm1, B6.C-H2bm12, and CBA/J (CBA) mice were obtained from The Jackson 
Laboratory. B6, OT-II RAG1–/–, and H2KbDb knockout mice were obtained 
from Taconic. Homozygous OT-I RAG2–/– CD45.1/1 mice, otherwise on a B6 
background, were provided by C. Benoist and D. Mathis (Harvard Medical 
School) and were mated to CBA mice to generate OT-I CD45.1/2 B6CBAF1 
cell donors. The CD45.1 congenic marker was used for OT-I identification 
when the cells were expected to become CFSEdilute. OT-II mice were mated to 
CBA mice to generate OT-II B6CBAF1 cell donors. Mice were maintained in 
specific pathogen–free facilities, and all experiments were approved by the 
Standing Committee on Animals of Harvard Medical School and New York 
University School of Medicine. Noon of the day of the appearance of the cop-
ulation plug was counted as E0.5. Some females were primed with 2 IU preg-
nant mare serum gonadotropin (Sigma-Aldrich) and 5 IU human chorionic 
gonadotropin (Sigma-Aldrich) to ensure synchronous mating (experiments 
with H2KbDb knockout mice and B6.C-H2bm12 mice). All females referred to 
as being “Act-mOVA–mated” either had clear immunological or immuno-
histochemical evidence of bearing OVA concepti or had their embryos  
or pups PCR genotyped with the primers 5′-TTATTCGTTCAGCCTTGC-
CAGTAG-3′ and 5′-GCTCCAGGATCTTCATTTTCTCAG-3′.

Adoptive transfers, flow cytometry, and in vivo killing assays. Donor cells were iso-
lated from the spleen and all peripheral LNs, purified by negative selection 
using magnetic beads coated with antibodies against CD19, DX5, CD11b, 
CD11c, MHC class II, B220, and either CD4 (for OT-I and BM3 purification) 
or CD8 (for OT-II purification) as per the manufacturer’s instructions (Milt-
enyi Biotec), then labeled with 5 μM CFSE (Molecular Probes; Invitrogen) for 
10 minutes at 37°C in PBS. 0.5 × 106 to 4 × 106 cells per mouse were injected 
via the tail vein. Female donors were used for all experiments involving cell 
recovery later than 10 days after transfer. Some mice additionally received 
intravenous injections of 5 × 106 B6CBAF1 splenocytes with or without 
prior loading with 50 μg/ml SIINFEKL peptide (Sigma-Aldrich) for 1 hour 
in PBS at 37°C. OVA, anti-CD40 antibodies (clone FGK45.5; prepared by Bio 
Express), and poly(I:C) (Sigma-Aldrich) were given by intraperitoneal injec-
tion at doses of 100 μg, 100 μg, and 50 μg, respectively, except in a subset 
of the in vivo killing assays performed on mice containing unmanipulated 
T cell repertoires, where OVA was given at a dose of 500 μg. Endotoxin was 
removed from OVA (Grade VI; Sigma-Aldrich) with Detoxi-Gel (Pierce), and 
remaining levels were found to be less than 0.06 endotoxin units per injec-
tion as determined by the LAL assay (BioWhittaker).

After sacrifice, splenocytes were isolated by mechanical disaggregation 
followed by rbc lysis, whereas LN cells and cells from implantation sites 
were isolated by digestion in 2 mg/ml collagenase D/0.2 mg/ml dispase 
II/30 μg/ml DNAase I or in 0.28 Wunsch units Blendzyme 3/DNAase I, all 
purchased from Roche Applied Science. Subcutaneous LN preparations 
contained the inguinal, brachial, axillary, and superficial cervical nodes. 
When blood and implantation sites were included in the analysis, mice 
were heparinized prior to sacrifice. The decidua and placenta were sepa-
rated from the embryo, yolk sac, and myometrium and stored on ice, while 
embryonic genotypes were rapidly determined by real-time PCR, when nec-
essary. Genotype-equivalent tissues were then pooled, minced, and digested 
in 0.28 Wunsch units Blendzyme 3/DNAase I prior to flow cytometry. A 
similar protocol was used to prepare embryonic and neonatal Act-mOVA 
spleen cells for intravenous injection.

Flow cytometry was performed on cells pretreated with the FcγR-blocking 
mAb 2.4G2 and using antibodies purchased from BD Biosciences and Bio-
Legend. We used either a 2-laser FACSCalibur cytometer (BD Biosciences) 
and CellQuest Pro software for analysis (version 5.2.1; BD Biosciences) or 
a 3-laser LSR II cytometer (BD Biosciences) and FCS Express V3 software 
for analysis (version 3.00.0311; De Novo Software). Aside from their CFSE 
label, transferred OT-I cells were identified with various combinations of 
APC- or PE-Cy7–conjugated anti-CD8α, PE-conjugated anti-Vα2, and bio-
tin-conjugated anti-CD45.1/streptavidin–PerCP-Cy5. Transferred OT-II 
cells were similarly identified with anti-Vα2 and APC- or PE-Cy7–conjugat-
ed anti-CD4 and BM3 cells with anti-CD8α and PE-conjugated anti–TCR-β.  
PE-conjugated anti-CD62L and anti-CD25, APC-conjugated anti-CD69, 
and Pacific blue–conjugated anti-CD44 were used for cell-surface marker 
expression studies. Intracellular cytokine expression was performed as pre-
viously described using PE-conjugated antibodies (49) after the splenocytes 
or LN cells were cultured for 4 hours in media containing 1 μM SIINFEKL 
peptide, with 3 μM monensin added for the last 2 hours. In vivo killing 
assays were performed as previously described (35); target cells were injected 
6 days after immunization, and mice were sacrificed 16 hours later.

Immunohistochemistry. For OVA and CD35 staining, tissues were fixed 
overnight at 4°C in 4% paraformaldehyde prior to routine paraffin embed-
ding. Following dewaxing, 5-μm tissue sections were treated with 3% H2O2 
in methanol for 20 minutes, then with 1 mg/ml trypsin (prepared freshly 
from tablets; Sigma-Aldrich) for 10 minutes at 37°C, and then blocked 
in 1% BSA/3% rabbit serum/3% donkey serum/0.4% Triton X-100. Washes 
were in PBS containing 0.01% Triton X-100, and sections were counter-
stained with DAPI (Sigma-Aldrich) prior to digital photography. For anti-
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OVA immunostaining, sections were incubated overnight at 4°C with a 
1:3,000 dilution of biotinylated rabbit anti-OVA antibodies (Research 
Diagnostics Inc.) in TNB buffer (PerkinElmer). HRP-conjugated strepta-
vidin was then applied as the secondary reagent (PerkinElmer), followed 
by biotin-tyramide amplification  (PerkinElmer) and  incubation with 
streptavidin–Alexa Fluor 594 (Molecular Probes; Invitrogen) as the final 
fluorochrome. For double staining with anti-CD35 antibodies, a 1:1,000 
dilution of rat anti-CD35 (clone 8C12; BD Biosciences) was included with 
the anti-OVA primary incubation. After tyramide amplification of the OVA 
signal as described above, peroxidase activity was quenched again with 3% 
H2O2 plus 0.1% sodium azide in PBS for 20 minutes at room temperature. 
Multiple-species preabsorbed HRP-conjugated donkey anti-rat antibodies  
(Jackson ImmunoResearch Laboratories) were then applied at a 1:200 
dilution in TNB buffer, followed by FITC-tyramide amplification (Perkin-
Elmer). Last, the sections were incubated with Alexa Fluor 594–conjugated 
streptavidin and Alexa Fluor 488–conjugated rabbit anti-FITC (Molecular 
Probes; Invitrogen). Rigorous controls involving the entire double stain-
ing protocol but solely omitting either one or the other primary antibody 
confirmed that each final signal was specific for the intended antigen. The 
high background fluorescence of rbc was an artifact of the tyramide ampli-
fication. Image processing was performed with Adobe Photoshop, includ-
ing the tiling of ×4 photomicrographs of entire implantation sites.

For MHC class I staining, tissues were fixed overnight at 4°C in 4% 
paraformaldehyde, equilibrated in 30% sucrose at 4°C, embedded in OCT 
compound (Tissue-Tek; Sakura Finetek), and sectioned at 5 μm. Sections 
were immersed in acetone for 5 minutes at room temperature, air-dried for 

10 minutes, treated with 3% H2O2 in methanol for 20 minutes, then blocked 
in 1% BSA/3% goat serum/0.4% Triton X-100. Sections were then incubated 
overnight at 4°C with a 1:300 dilution of rat anti-mouse MHC class I (clone 
ER-HR52; Abcam), followed by biotinylated goat anti-rat antibodies (1:400 
dilution; Jackson ImmunoResearch Laboratories), HRP-conjugated strep-
tavidin, and biotin-tyramide amplification. Streptavidin–Alexa Fluor 594 
was used as the final fluorochrome. The tissues shown in the Supplemental 
Figure 3 were processed and stained at exactly the same time.
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