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It has become increasingly clear that the immune system
of viviparous mammals is much more in the business of
acquiring tolerance to non-self antigens, than it is in rejecting
cells that express them (for a recent review, highlighting the
role of Treg cells, see ref.1). It is also clear that both self-
tolerance, and acquired tolerance to non-self is a dynamic
process, with a natural ebb and flow. As has been often said
of an effective team defense in sports, tolerance will “bend
but does not break.” How microchimerism, defined as the
presence of extremely rare [1/104–1/106] cells of a genetically
different individual, can induce either new immunogenetic
pressures that push self-tolerance to the breaking point, or
alternatively, provide relief from pre-existing immunogenetic
risk, preventing development of autoimmune disease,
remains a mystery. Indeed, the inability to directly correlate
DNA-level microchimerism detected in blood samples by
qPCR, with naturally occurring regulation to minor H and
MHC alloantigens expressed by the rare cells themselves, has
been frustrating to researchers in this field.2 [Haynes, W.J.
et al, this issue] However, recent developments in the areas
of transplantation and reproductive immunology offer clues
to how the effects of microchimerism can be amplified, and
how a disproportionate immune impact might occur from a
very limited cell source.

Transplant Immunobiology-Pathways
of allorecognition

The major barriers to kidney transplantation success are prod-
ucts of the major histocompatibility complex (MHC) genes. For-
eign MHC class I and II molecules displayed by an allograft, in
the context of co-stimulation, can drive a large subset of T cells
[as much as 10%] to divide, most likely due to cross-reactivity
with endogenous T na€ıve and memory cells specific for viral or
bacterial peptide-plus-self MHC. This is called the “direct
pathway” of allorecognition (Fig. 1, far left), because it requires
direct interaction of host T cells with allograft donor antigen pre-
senting cells (APC). Of interest, the direct pathway may also be
quite self peptide-specific as well as allo-MHC-specific as pre-
dicted nearly 40 y ago and recently proven.3,4 The direct path-
way is commonly assayed using the in vitro mixed lymphocyte

culture (MLC) test, which was the means by which MHC class II
antigens were originally discovered.5

On the other hand, the standard way that antigens are proc-
essed and presented to host T cells by host APC also applies to
allografts of cells, tissues and organs; therefore a second form of
alloreactivity, directed toward allo-peptides derived from the for-
eign MHC, was implied and eventually discovered.6,7 This came
to be known as indirect pathway alloreactivity (Fig. 1, center),.
Using the trans-vivo DTH assay to measure indirect alloreactiv-
ity, we have reported that a characteristic feature of the tolerant
organ transplant recipient is the regulation of this pathway by
allopeptide-specific T regulatory cells producing TGF b1, IL-10
or IL-35.8-11 A similar phenomenon, under the name of “cross-
presentation” is seen in the case of tolerance to grafts mismatched
for minor H antigens only, where the sharing of all MHC class I
and II proteins by donor and recipient allows minor H antigens
to be “seen” by peptide-specific regulatory T cells of both CD4,
as well as CD8 lineage.2,12

The existence of 2 such very different pathways, direct vs.
indirect, of allo-recognition in MHC mismatched transplants
posed a major problem for transplant immunologists. Once the
indirect pathway was described,6,7 and the helper function of the
indirect pathway CD4 T cells toward direct pathway CD8 T cells
was discovered, it dawned on researchers in the field that there
was no plausible mechanism to account for the finding of synergy
between indirect/CD4 and direct/CD8 T cells, since each path-
way appeared to require a completely different [host vs. donor]
antigen presenting cell (APC). Enter the semi-direct pathway.13

By means of either trogocytosis [literally pulling off a membrane
fragment from a recently encountered cell], or, via exocytosis and
subsequent exosome - fusion with host APC, the host cell may
become “cross-dressed,” displaying the MHC/peptide complexes
of another cell (Fig. 1, right). If that cell source happens to be
allogeneic, one can detect these acquired membrane complexes
easily using microscopy and fluorescent-labeled anti-MHC allo-
antibody. Any host APC –B cell, monocyte, plasmacytoid and
myeloid DC (mDC)– can retain the acquired alloantigen on the
cell surface in the short term and thus prime direct pathway T
cells.14 Given the continuous recirculation of MHC between the
intracellular compartments where they are loaded and the cell
surface, it would seem that such a mechanism would be quickly
diluted amid the “noise” of normal p/MHC trafficking, and as
the intact MHC alloantigens are rapidly degraded. However,
the mDC is uniquely capable of retaining and concentrating the
acquired alloantigen as an intact peptide-MHC complex on the
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cell surface for a prolonged time period in vivo. When myeloid
DC have been decorated in this manner with tiny bits of plasma
membrane from an allogeneic cell source –tissue endothelial, epi-
thelial, or leukocyte – direct pathway CD4C or CD8C, as well as
indirect pathway CD4C T cells could now encounter their target
antigen on the same [host] APC. This process, termed “semi-
direct” allorecognition, was first described by the Lechler lab13

over10 years ago; its important role in transplant rejection was
recently convincingly demonstrated in a heart transplant model
by the Pettigrew lab.15 In the scenario illustrated in Figure 1, the
semi- direct pathway is shown as a CD4 T cell recognizing
acquired MHC class II. This cell could then receive further help
froman indirect pathway Th cell recognizing a fragment/peptide
from the donor MHC presented in the context of autologous
MHCII. If the semi-direct pathway happens to involve a CD8C
T cell recognizing acquired donor MHC class I antigen, then the
indirect pathway must provide help to direct pathway CD8C
CTL in order for the host to mount an effective cytotoxic T cell
and transplant rejection response.15 In the case of maternal-fetal
microchimerism, close encounters of both Th/CD4 and CD8 T
effector cells with each one’s cognate antigen would seldom
occur, given a very low frequency donor APC. However, if that
rare cell releases exosomes that are captured by multiple autolo-
gous mDCs, the same T cell would gain access, via semi-direct
presentation, to help from indirect pathway T helper cells clus-
tered at the same (host) APC.

Two other important aspects of the model shown in Figure 1
should be noted. First, if the captured exosome expresses allo
MHC-II, as illustrated here, there is a potential not only for allor-
eactivity, but also for peptide-specific alloreactivity, i.e. presenta-
tion of novel peptides to a CD4 host T cell an allo-restricted
manner. This potential will be exploited by the host DC only if
the acquired allo MHC-II can recycle from the cell surface to

acidic phago-lysosomes and back, something which remains to
be formally proven. The transfer of pre-formed complexes of
pMHC-II and pMHC-I has however been demonstrated to
effectively stimulate peptide-specific T cell clones by antigen
acquisition in vitro.13 Second, the model portrays nucleic acids,
for ex. microRNAs, as being enclosed in the exosomes. Such
microRNAs or miRs are commonly found in plasma exosomes
and microvesicles, where they may transport either pro- or anti-
inflammatory information to other cells.16 This aspect of exo-
somes is the ‘wild card’ that not only can spread antigenic targets
throughout the body, but also, instructions that result in up- or
down regulation of cellular products. Thus, depending on the
context of exosome release, the antigen-acquiring ‘cross-dressed’
mDC might become either pro- or anti-inflammatory, with
implications for disease risk in the host. How exosome generation
occurs in a tolerant host is unknown, but probably involve
encounters of host T cells with rare donor-derived DC. If these
encounters occur in a “non- inflammatory” environment, a
patient with a “metastable” form of tolerance might generate exo-
somes with miRNA that will cause increased PDL-1 expression
in host DC, leading to Th anergy. Innate immunity in the areas
of T-alloDC interaction may alter the miRNA content of exo-
somes released toward a suppression of PDL-1 in the exosome
–“cross-dressed” host cells, causing restoration of the Th –CTL
axis.

Besides allo-transplantation, a primary role for the “cross-
dressing” phenomenon in anti-viral immunity has been demon-
strated in a non-transplant setting. By enabling epithelial cells to
transfer viral-peptide/MHC complexes to mDC that then traffic
to lymph nodes, T cells of the exact anti-viral specificity needed
are generated for export to the site of infection.17,18 Three strands
of evidence, from 1) human kidney transplantation,19 2) mouse
heart transplantation,20 and 3) human lung transplantation,21 all
in the context of microchimerism, suggest not only a simple expla-
nation for non-inherited maternal antigen (NIMA) tolerance,22

but also for the phenomenon of foreign HLA-associated risk/sus-
ceptibility, based on a hitherto missing link between the immune
system of the host, and tiny numbers of foreign cells.23-25

Semi-direct pathway as a factor promoting tolerance
We were ignorant of the cross-dressing/exosome acquisition

phenomenon in 1995, when we published the first paper to claim
a direct function of microchimerism in a case of kidney trans-
plantation tolerance.19 In this study, we analyzed the direct path-
way response of T cells specific for non-inherited maternal
HLA-B and DR antigens in a male patient who had stopped all
immunosuppressive drug treatment 2 y after receiving a kidney
transplant from his mother. We found that he was a microchi-
mera, with a signal for maternal DNA turning up in his periph-
eral blood and skin. The estimate of maternal cell frequency was
between 1/104 –1/105 at both sites, using the then-standard
PCR/Southern blot, and a nested PCR technique. The patient
manifested donor-specific unresponsiveness in MLC 7day culture
with maternal stimulator cells, but his T cells could be “revived”
from their anergic state by secondary culture with maternal stim-
ulator cells in the presence of rIL-2. To determine the source of

Figure 1. Three major pathways of allorecognition. The three pathways
of allorecognition (i.e. direct, indirect, and semi-direct) are shown in this
figure. In the context of pregnancy, the role of donor cells in the fetus is
played by maternal cells expressing non-inherited maternal antigen or
NIMA (red). Direct pathway implies the recognition of intact allo-MHC
molecules and indirect pathway implies the recognition of allopeptide-
self MHC II complexes derived by normal Ag processing. In the semi-
direct pathway, allogeneic MHC molecules (NIMA) are acquired via exo-
somes, which contain microRNA with the capacity to reprogram the
APC. IMA—inherited maternal atigens– are shown in gray, NIMA in red,
and IPA—inherited paternal antigens– in blue.
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anergy, fresh leukocytes harvested from the patient were added to
the secondary culture either as whole cell preparations, or after
removal of maternal HLA-Bw6C cells (patient was homozygous
for HLA-Bw4) using immunomagnetic beads. The fresh whole
cell preparations caused a dose-dependent inhibition of the
patient’s direct pathway cytotoxic T lymphocyte (CTL) response;
however, the removal of HLA-Bw6C cells abolished the inhibi-
tory effect. Add back of the immunomagnetic beads containing
the NIMAC cells restored the donor-specific inhibitory effect.
We interpreted these results as being consistent with a direct
effect of rare maternal cells.19

However, the estimated number of maternal cells in the
patient’s peripheral blood mononuclear cells (PBMC) did not
correspond to the magnitude of the inhibitory effect seen—for
ex., significant inhibition of the direct pathway CTL response
was seen at an estimated dose of a single maternal cell. At the
time we did not suspect that antigen acquisition by host mDCs
could play a role; however, we now know that up to 20% of host
mDC acquire donor HLA class I and class II antigens during
transplant tolerance. This meant that although only a single
maternal cell was added to cultures of 2 £ 104 CTL, perhaps 20
additional highly specialized host APCs coated with a patchwork
of maternal allo-antigens were also present. Since a single mDC
is known to be capable of contacting hundreds of T cells, it fol-
lows that the inhibitory effects we had attributed to the maternal
cells themselves were in fact most likely accomplished by surro-
gates “cross-dressed” with mother’s cell membranes.

Semi-direct pathway and “split” tolerance due to
microchimerism

In 2003 we showed that one could replicate the maternal tol-
erance effect seen in humans22 in a [BDF1 female x B6 male] F1
backcross mouse model originally described by Zhang and
Miller,26 using heart instead of skin allografts.27 Offspring were
typed for H-2d and those with H-2bxb homozygosity were further
analyzed for tolerance to a heart allograft from a DBA/2 donor
expressing the non-inherited maternal antigens [NIMA] of the
H-2d [MHC] haplotype, along with DBA/2 background minor
H antigens. Approximately 47% of the male offspring were toler-
ant, while the other 53% rejected the heart transplant.27

There were 2 patterns of alloreactivity associated with these 2
different responses to heart allografts from DBA/2 mice. The first
was a strong indirect pathway alloreactivity causing rapid DBA/2
heart allograft rejection. This response was found in the 50–60%
of male “NIMAd” –exposed offspring that were H-2b homozy-
gous, and was associated with a low level of peripheral MMc [few
or no organs containing rare H-2DdC maternal cells by quantita-
tive PCR assay], with MMc largely confined to bone marrow c-
kitC stem cells, and no MMc penetration in CD11b or CD11c
cell lineages.20 Membrane alloantigen acquisition by host class
II-positive cells in spleen and peripheral blood occurs rarely in
such mice prior to transplant; however, during DBA/2 allograft
rejection, between d 9–12 post –tx, was there a transient pulse of
alloantigen acquisition detected in peripheral blood and lym-
phoid tissue.20,28,29 The second pattern of alloreactivity was one
associated with much higher levels of peripheral MMc [2–4

different MMcC organs] plus the bone marrow. Not only were
MMcC CD11cC DC present, but the indirect pathway of allor-
eactivity was silenced due to dominant suppression by Treg cells
prior to transplant. In such mice [40–50% of “NIMAd”
–exposed mice], pre-transplant regulation toward maternal
BDF1 antigens predicted allo-tolerance to a subsequent DBA/2
heart transplant.

Recently, we have used indirect pathway and direct pathway T
cell clones to explore the immune status of NIMA-exposed rejec-
tors vs. tolerant offspring. TEa indirect pathway T cells recognize
an allopeptide derived from the Ea chain of maternal I-Ed mole-
cules, in the context of IAb, host MHC-II. Using CFSE dilution
to follow T cell replication, we recently found that TEa cells pro-
liferate strongly in non-tolerant offspring, but undergo abortive
activation and anergy in tolerant mice (Bracamonte-Baran et al.,
“Membrane alloantigen acquisition by dendritic cells links
microchimerism and split tolerance” in preparation). The latter
have widespread tissue distribution of maternal microchimerism
(MMc), and show maternal cell membrane antigen acquisition,
as measured by dim H-2Kd and IAd expression on the surface of
class IIC recipient (H-2b homozygous) APC.20,28 On the other
hand, 4C Tg T cells, direct pathway T cells that recognize intact
IAd antigens gave an opposite result—i.e., they only proliferated
in vivo in mice that have acquired membrane I-Ad. While
this result indicates that the maternal semi-direct pathway is
functional for antigen recognition, it suggests that tolerance to
NIMA in mice is ‘split’ (Bracamonte-Baran et al., in prepara-
tion), i.e. it features a functional semi-direct, but a non-func-
tional indirect pathway, as was suggested previously.30 This
result parallels the data in human PBMC, which show perfectly
normal CD4 and CD8 “direct pathway” response to NIMAs in
healthy normal subjects using the MLC test,31,32 but a markedly
regulated response to NIMAs using the indirect pathway, tvDTH
assay.33

The consequence of maintaining a strong semi-direct pathway
even when tolerance has been established on the indirect pathway
is that direct pathway T cells are sustained long term during tol-
erance; they are only lost when indirect pathway regulation fails
and loss of tolerance results in transplant rejection.34,35 So we
can say that in the pre-transplant setting, the successful “mini”-
allograft of microchimerism induces a type of “split tolerance”—
characterized by a strong semi-direct pathway even while the
indirect pathway is being silenced. Interestingly, membrane allo-
antigen acquisition in the mouse NIMAd transplant model
increased fold10- from pre-transplant levels in mice that became
tolerant of a DBA/2 heart.20,36 This may account for the shift
from a non-anergic, to an anergic direct/semi-direct pathway in
the tolerant host, as in the patient tolerant of a maternal kidney
graft, discussed above.

Semi-direct pathway and the challenges to self-tolerance
posed by lung transplantation

As stated above, the semi-direct pathway implies that the mye-
loid DC is capable of retaining and perhaps even concentrating
the acquired alloantigens as an intact peptide-MHC complexes
on the cell surface for a prolonged time period in vivo. But can a
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chronically acquired MHC antigen be utilized by the host to rec-
ognize new peptide antigens, i.e in an allo-MHC context? Con-
ventional wisdom would say no, since such a response would be
considered a form of direct pathway alloreactivity. But consider
the strange case of lung transplant patient L86. This case is
highlighted in a recent study of HLA-DR15 and the peptide
selectivity of Th17 responses to the a1 chain of collagen type
V.21 Patient L86 himself was 7 yrs out from transplantation, rela-
tively free of clinical complications, when he developed a strong
response to collagen V, typical of those lung and heart allograft
recipients who go on to develop fibro-obliterative narrowing of
airways and blood vessels. Like many of these patients, including
those who had developed collagen V-reactivity in the course of
lung or heart disease prior to transplant, his response was found
to be a1(V)-specific. Unlike them, he was free of any evidence of
bronchiolitis obliterans syndrome (BOS), that afflicts a signifi-
cant proportion of lung transplant recipients who develop this
response.37 His genetic background was HLA-DR1, 11 and his
donor was DR1, 15. Through peptide binding studies it was
determined that while there was much overlap between patterns
of a1(V) peptide binding between DR1 and DR15, there were 2
peptides of a1(V) that exclusively bound to either DR1 (p629)
or DR15 (p1049). [Notably, HLA-DR1501 gave by far the high-
est peptide-binding scores out of the 6 different MHC class II
molecules tested, and was a significant risk factor in development
of collagen V autoimmunity in the post-transplant period]. This
distinction in peptide specificity was confirmed in studies of col-
lagen V-immunized HLA-DR 1 and HLA-DR15 transgenic
mice: the DR1 Tg responded only to p629, and not to p1049;
the DR15 Tg mouse only to p1049 and not to p629. Remark-
ably, PBMC from L86 obtained 7 y post-lung transplant
responded equally well to BOTH peptides.21

Since peptide p1049 could not be presented by HLA-DR1,
the shared allele, or by DR11, based on studies in collagen V-
reactive DR11C patients, it could only mean the HLA-DR15
was somehow present in pt L86s PBMC, and capable of binding
the peptide. This unusual finding of donor (allo-)DR-restricted,
response to a self antigen, has recently been confirmed in a DR
4,11 patient PP26 who had received a DR15 homozygous lung
transplant 1.5 y previously, and who responded very well not
only to collagen V, but also to DR15-binding peptide p1049
[Jankowska-Gan & Burlingham, unpublished]. We are currently
investigating a) whether this Th17 response occurs via HLA-
DR15 antigen acquisition by host mDCs, b) how soon after lung

transplant an allo-DR-restricted response to collagen V can
occur, and c) whether such a pathway can account for the
observed increased risk of obliterative bronchiolitis in transplant
pts receiving a DR15C lung, and for the increased protection
afforded by receipt of a lung from a HLA-DR7C donor.38

Conclusions

In conclusion, I would like to suggest that in normal healthy
subjects with maternal or fetal-derived Mc, as well as in lung
transplant patients, the acquisition of class II antigens from either
the Mc or graft endothelium source greatly amplifies the tolero-
genic, or alternatively, immunogenic signals of the transplant,
giving rise to substantial impacts of rare cells on allotolerance, or
alternatively, disease susceptibility. Based on the mounting evi-
dence that direct [and by implication, also semi-direct] alloreac-
tive T cells can be quite peptide-specific,39 I propose that a semi-
direct pathway alloreactivity of CD4 T cells in lung transplant
patients such as L86, described here, is responsible for the
observed donor-HLA restricted peptide response to collagen V.
This would account for the relatively high risk of post–transplant
severe BOS development in DR15C donor lungs, the protection
from BOS enjoyed by recipients of DR7-positive donor lungs,
since DR7 has very different peptide-binding characteristics from
that of DR15 (encoded by the DRB1*1501 allele),40,41 as well
as the many observations in the field of autoimmunity, of
protective and susceptibility effects of fetal or maternal
microchimerism.23,25,42,43

Finally, the semi-direct pathway, fed by exosomes emanating
from tissue-resident cells, is the more likely source of profound
immune impacts of rare allogeneic cells. The preferred location
of maternal and fetal microchimerism, as well as organ-trans-
plant-derived microchimerism, lies in heart, liver, brain, lungs,
and bone marrow rather than in the central lymphoid tis-
sues.28,44-46 What better way for these cells to signal their pres-
ence to the host than to hijack the preferred system of
transporting viral and bacterial peptide/MHC from the periph-
eral tissue to the lymphoid areas?
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