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Introduction

The clinical benefits of non-inherited maternal antigens (NIMA) 
in immune-tolerance were first noted by Owen et al.1 Since then, 
tolerogenic effects of NIMA have been documented at both  
T- and B-cell level in a variety of clinical settings.2-4

What is the basis of the NIMA benefit in graft survival? One 
possible answer is that many of us have already managed to 
accept semi-allogeneic cells from our mothers during ontogeny. 
Though fetal and maternal circulations are completely separated, 
fetal tissue is bathed with maternal blood in animals having a 
hemochorial placenta (e.g., mouse and human).5,6 Exchange of 
maternally derived progenitor and matured cells in feto-maternal 
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interface during pregnancy7-10 and nursing in neonatal life11 
results in maternal microchimerism (MMc).

Using an F
1
 backcross breeding model (BDF

1
 female x B6 

male), we previously showed that about half of the H2b/b off-
spring were tolerant to heart allografts containing NIMA.12 The 
tolerance was associated with presence of NIMA-specific regula-
tory T cells (Tregs) in the allograft and allograft-draining lymph 
nodes.13 NIMA-specific Treg activity was measured by a delayed 
type of hypersensitivity assay and the numbers were strongly 
correlated with concentrations of MMc.11 In human studies, 
maternal alloantigens promote Treg proliferation in human fetal 
lymph nodes by a TGFβ-dependent mechanism, sparing the 
maternal cells and suppressing anti-NIMA alloreactivity during 
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(H2d+ GFP-/-). DBA/2 hearts were transplanted in the 
abdominal cavities of NIMAd/GFP-exposed and NIPAd/

GFP control offspring. As shown in Table 1, NIMA expo-
sure resulted in tolerance in 47% of H-2b/b male off-
spring (N IMAd/GFP) to DBA/2 heart allografts, which 
is similar to the rate of tolerance in NIMAd-exposed 
offspring of GFPneg mothers.12,13,16 We found that 7/15 
NIMAd-GFP-exposed offspring accepted the DBA/2 
allografts. In contrast, none of the non-exposed control 
offspring (n = 4) accepted the allografts (p = 0.002). 
The tolerance was NIMA-specific since none of the 
NIMA-exposed offspring accepted a heart allograft 
from a third party donor (C3H) (Table 1).

Maternal microchimerism is elevated in tolerant vs. 
rejector mice. We collected the heart, lungs, liver and 
blood, previously shown to exhibit the highest levels of 
MMc,11 from offspring that had been transplanted with 
DBA/2 hearts. We found that NIMAd/GFP-exposed off-
spring that accepted DBA/2 heart allografts had signif-
icantly higher levels of GFP microchimerism in heart 
(p = 0.006), lungs (p = 0.001) and blood (p = 0.011) 
compared to mice that rejected the allograft; however, 
there was no significant difference in MMc level in 
the liver between tolerant and rejector mice (Fig. 2A). 
No GFP+ microchimerism was detected in any of the 
organs of NIPAd/GFP control offspring that all rejected 
their DBA/2 heart allografts acutely. When we sorted 
CD11b, CD11c, CD4 and CD8-positive cells from the 
spleen, we found that NIMAd/GFP-exposed graft accep-
tors had significantly higher levels of maternal CD11b 
(p = 0.001) and CD11c (p = 0.05)-positive cells in their 
spleen compared to rejector mice (Fig. 2B).

Tolerance in NIMA d-exposed regulator offspring 
is associated with alloantigen acquisition by host 

APC. The estimated concentrations of maternal cells in adult F1 
backcross mice is very low (1/105-1/104), a level that seems hardly 
sufficient to provide enough peripheral antigen for maintenance 
of tolerance to NIMA. One possibility is that signal amplifica-
tion via antigen acquisition or trogocytosis, a process of surface 
membrane exchange between cells11,17 might achieve the levels 
needed to sustain antigen-specific Treg cell homeostasis. Indeed, 
NIMAd-exposed offspring with MMc contain much higher 
numbers of H-2Kd dimly + cells in their spleens and blood than 
offspring without detectable MMc, reaching levels approaching 
0.5–1.0% of total spleen cells.11,16 To determine if heart allograft 
tolerance was also characterized by H2d antigen acquisition, 
peripheral blood was collected from the offspring at different 
time points after DBA/2 heart transplantation and stained with 
anti-mouse H-2Kd antibody. The median channel fluorescence 
of H-2Kd staining of the cells in NIMAd-exposed mice was 
intermediate between that of positive (BDF

1
) and negative (B6) 

parental strain controls (data not shown). Tolerant offspring 
had significantly higher levels of such H-2Kd-dim cells in their 
peripheral blood at day 100 post transplant than the rejector 
offspring, both at day 9–12 post transplant when the allografts 
were rejected (p = 0.002) and at day 100 (p = 0.002) (Fig. 3A). 

pregnancy.14 We have recently shown that NIMA-specific toler-
ance can be predicted by measuring Treg activity before trans-
plantation.15 Because this observation, we hypothesized that 
offspring tolerant to a NIMA-expressing allograft would retain 
high levels of wide-spread MMc, and that this MMc would pref-
erentially distribute toward cells involved in antigen presentation.

Results

NIMA-specific tolerance in NIMAd/GFP-exposed offspring. To 
explore MMc in the offspring undergoing a heterotopic heart 
transplant from a DBA/2 (H-2d) donor, we used a breeding 
model where the BDF

1
 mother is heterozygous for GFP as well 

as H-2d (Fig. 1) resulting in half of the offspring being homozy-
gous for H-2b and one quarter of the offspring being H2b/b and 
GFP-/-. The latter mice that did not inherit H2d and GFP were 
nonetheless exposed to maternal GFP and H2d (NIMAd/GFP). 
The B6 female x BDF

1
-GFP+/- male control offspring that did 

not inherit H2d or GFP (termed NIPAd/GFP) had the same geno-
type as the NIMA-exposed offspring and thus served as excellent 
controls. This breeding model was used to distinguish mater-
nal cells (H2d+ GFP+/-) from cells from DBA/2 heart allografts  

Figure 1. Breeding strategies to explore MMc in NIMA-exposed offspring after 
transplants: BDF1 GFP+/- female mice were crossed with B6 male mice to obtain 
NIMAd/GFP offspring, which were exposed to maternal H2d and GFP antigens. The 
breeding pair was switched to obtain non-exposed control (NIPAd/GFP) offspring. 
GFP+ maternal cells could be tracked and quantified after transplanting DBA/2 
(H2d/d) hearts in the offspring.
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MHC class I alloantigen for generation of alloantibody, sug-
gesting that the H2Kd-dim APC in rejector mice may indeed play 
a functional role in modulating alloimmunity. To identify the 
cell subsets that dimly expressed H2Kd antigen in transplant 
recipients, dual staining with anti-mouse H2Kd antibody plus 

Interestingly, the rejector offspring had significantly higher levels 
of H2Kd-dim cells during rejection than on day 100 (p = 0.0006). 
Recent work suggests that the alloantigens acquired by host 
DC during rejection can immunize a naïve mouse.18 Dendritic 
cells internalize and re-present conformationally intact soluble 

Figure 2. Tolerant NIMAd/GFP offspring had higher levels of MMc than rejector offspring. (A) DNA was extracted after d 100 post-transplant from 
hearts, lungs, livers and blood of NIMAd/GFP offspring that either rejected or accepted DBA/2 hearts, and also from NIPAd/GFP offspring that uniformly 
rejected the allografts. Maternal GFP DNA was detected by a very sensitive qPCR. The p values shown in the figure are obtained after comparing the 
NIMAd/GFP-exposed acceptors and rejectors. (B) DNA was extracted from sorted CD11c, CD11b, CD4 and CD8-positive splenocytes. Maternal GFP DNA 
was detected by a qPCR. The p values shown in the figure are obtained after comparing the NIMAd/GFP-exposed acceptors and rejectors.

Table 1. NIMAd exposure results in tolerance in the offspring

Recipient Donor n Graft survival (days) % of tolerant Comparison p value

1 NIMAd DBA/2 (H2d/d) 16 9 x 4, 10, 11, 11, 12, 12, >80 x 7 44 1 vs. 2 0.026

2 NIPAd DBA/2 (H2d/d) 8 9 x 3, 10, 10, 11, 11, 12 0 2 vs. 3 ns

3 NIMAd C3H (H2k/k) 8 8, 9, 9, 10, 10, 11, 11, 12 0 1 vs. 3 0.022

4 NIMAd/GFP DBA/2 (H2d/d) 15 11, 11, 12, 12, 13, 14, 15, 15, >90 x 7 47 4 vs. 5 0.002

5 NIPAd/GFP DBA/2 (H2d/d) 4 8, 10, 10, 11 0

6 B6 DBA/2 (H2d/d) 3 9, 10, 11 0

7 B6 B6 (H2b/b) 3 >100 x 3 100
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of NIMA-specific Tregs.11 Microchimerism itself can be either 
broadly distributed or narrowly restricted to certain cell lineages. 
Recently, studies by Chan et al.23,24 suggest that while “full” 
allograft tolerance is associated with multi-lineage chimerism, a 
“split tolerance” may result when certain lineages such as T cells 
are accepted, while B cells and APC are eliminated by the host, 
resulting in rejection of subsequent skin and islet allografts. The 
finding that MMc is present in different organs and cell lineages 
in the NIMA-exposed tolerant offspring in current study suggests 
that in this breeding model a portion of the offspring have devel-
oped a fully tolerant state toward the BDF

1
 mother that is main-

tained during acceptance of a DBA/2 heart allograft. However, 
the other half of offspring lacking pre-transplant regulation and 
multi-lineage MMc15 appear to develop at best a split tolerance, 
allowing a somewhat prolonged graft survival but eventual rejec-
tion (see Table 1).

In our previous analysis of antigen acquisition in healthy non-
transplanted NIMAd offspring, we reported that the % of cells 
dimly expressing maternal H2Kd (0.1–4.0%) were 10–100-fold 
higher than % of maternal cells determined by direct maternal 

anti-mouse MHC class II and CD3 antibodies was performed 
on splenocytes. This revealed that primarily MHC class II+ 
cells, and not class IIneg T cells, dimly expressed H2Kd antigen 
(Fig. 3B). This suggests a mechanism whereby APC in tolerant 
offspring, already pre-loaded with NIMA by antigen acquisition 
from rare maternal cells, can maintain allospecific CD4+ Treg 
after transplantation.

Discussion

The proposal put forward by Starzl et al. that Mc is required for 
transplantation tolerance was, and still is, very controversial.20 
An early study of tolerance to a maternal kidney transplant from 
our lab,21 and a more recent mouse study,22 tend to support a 
Mc-tolerance linkage due to functional inactivation (anergy) 
or clonal deletion of cytotoxic T effector (T

E
) cells. However, 

these experiments did not separate effects due to circulating 
microchimeric cells themselves, from effects of autologous APC 
that may have acquired antigens from these cells or from the 
graft.17 We found that MMc was tightly correlated with levels 

Figure 3. H2Kd-dim cells in NIMAd-exposed regulator offspring: (A) Peripheral blood was collected at different time points after transplantations with 
DBA/2 hearts and stained with anti-mouse H2Kd antibody. (B) Splenocytes from NIMAd-exposed offspring were stained with anti-mouse H2Kd, CD3 and 
MHC class II antibodies and analyzed by a flow cytometer.
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using PE-labeled anti-H2Kd antibody (BD Biosciences) in the 
spleen and peripheral blood. B6 and BDF

1
 cells were used as 

negative and positive controls, respectively. In some experiments, 
cells were also stained for anti-mouse MHC class II, CD3 and 
CD19 antibodies (BD Biosciences). The data were analyzed using 
FlowJo software (Treestar).

Cell sorting. Splenocytes were incubated with magnetic bead 
conjugated antibodies against CD11c, CD11b, CD4 and CD8 
(Miltenyi Biotech, Auburn, CA) for 15 minutes. CD11c+ and 
CD11b+, CD4+ and CD8+ cells were sorted using the autoMACS 
sorter (Miltenyi Biotech) according to the manufacturer’s proto-
cols. CD11c subsets were sorted prior to CD11b and CD4 subsets 
to avoid myeloid dendritic cells (CD11b+) in sorted macrophage 
(CD11b+) population and CD4+ dendritic cells in CD4+ T cells 
respectively. The purity of sorted cells was >97% for CD4, CD8 
and CD11b subsets, and 85% for CD11c subset.

DNA extraction and quantitative polymerase chain reaction 
(qPCR). DNA was extracted using QIAamp DNA extraction kit 
(Qiagen) according to the manufacturer’s protocol. The extracted 
DNA was quantified using a nanodrop (NanoDrop products). 
The detailed technique of qPCR and the sequences of primers 
and probe specific for maternal GFP and H2Dd sequences were 
described in details previously in reference 11. Briefly, a standard 
curve was obtained after serially diluting maternal BDF

1
 GFP+/- 

DNA into B6 DNA. The standard curve was used to quantify 
DNA. A PCR reaction was reaction was performed with 1 μg 
of genomic DNA (equivalent to about 106 cells), 20 picomolar 
of each primer, 7.5 picomolar of probe, and 25 μl of Taqman 
Universal PCR Mastermix (Applied Biosystem) in 50 μl of total 
reaction volume. The qPCR program used was 50°C for 2 min-
utes, 95°C for 10 minutes, followed by fifty cycles of 95°C for 15 
seconds and 60°C for one minute.

Statistics. Data was analyzed using GraphPad Prism 5 soft-
ware (GraphPad Software). To analyze graft survivals in different 
groups, log rank test was used. For rest of the data, the non-para-
metric Mann-Whitney test was used.
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DNA detection in the same tissue sample.11 We interpreted 
this to mean that maternal BDF

1
 antigen had been acquired 

by host cells, as described previously for DC transfers between 
mouse strains.17 In contrast, peripheral blood cells expressing 
surface H2Kd in tolerant mice at 100 days post transplant was 
between 4 and 12% (Fig. 3), or approximately ten-fold higher 
than what we had observed pre-transplant. This suggests that a 
large proportion of the trogocytosis after transplant is derived 
from the DBA/2 heart donor. We hypothesize that in addition 
to membrane transfer that occurs during rare encounters with 
maternal cells in tissues, encounters with DBA/2 donor pas-
senger leukocytes and endothelium will occur more frequently 
after transplant.

The post-transplant detection of acquired H2Kd antigen 
expression in class II+ antigen-presenting cells, the very cells in 
which MMc is most prevalent, continues a pattern of widespread 
MMc and Tregs before transplantation,11 and suggests a role of 
the maternal BDF

1
 cells and antigens in generation and mainte-

nance of NIMA-specific Tregs during heart transplant tolerance 
induction. Such Tregs, which develop naturally in response to 
the BDF

1
 mother are likely equipped to prevent both acute and 

chronic rejection of a DBA/2 heart transplant, since they were 
primed on both direct and indirect pathways.25 We have evidence 
from mRNA analysis of day eight transplants that these Tregs 
rapidly mobilize to the graft.

The findings in this study support the concept of a three way 
model of NIMA-specific transplant tolerance induction, in which 
host cells, BDF

1
 maternal cells, and DBA/2 fully allogeneic cells 

participate in construction of layers of tolerance able to resist both 
acute and chronic rejection. These findings may be relevant to 
human renal transplant tolerance, in which both host and donor 
(passenger) cells, as well as NIMAs, appear to play a role.26

Materials and Methods

Source of mice. C57 BL/6 (B6, H-2b/b), DBA/2 (H-2d/d), B6D2F
1
 

(BDF
1
, a cross of B6 and DBA/2; H-2b/d), and B6C3F

1
 (a cross of 

B6 and C3H/He; H2b/k) were purchased from Harlan Sprague 
Dawley (Indianapolis, IN). B6-GFP mice (C57BL/6-Tg(ACTB-
EGFP)1Osb/J; H-2b/b GFP+/-), which have a hemizygous GFP 
transgene under chicken beta actin promoter, were purchased from 
The Jackson Laboratory (Bar Harbor, ME). The care and breed-
ing of animals were performed under institutional guidelines.

Heterotopic heart transplantation. Heterotopic vascularized 
heart transplantation was conducted using an intraabdominal 
microsurgical technique described previously in reference 27.

Flow cytometry. Live cells dimly expressing maternal class I 
MHC antigens were quantified in the NIIMAd-exposed offspring 
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