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Abstract

In solid organ transplantation, chimerism inevitably occurs via the coexistence of donor-derived cells from the graft and
host cells throughout the recipient. However, long-term immunosuppressive treatment is needed to suppress host immune
responses to the foreign organ graft. The deliberate induction of stable mixed bone marrow chimerism to achieve donor-
specific immunological tolerance in solid organ graft recipients is an ambitious goal that may significantly contribute to the
long-term survival of solid organ grafts and their recipients. While this strategy has been effectively established in labora-
tory animals and some promising clinical case series have been reported, widespread clinical application is still limited
by the toxicity of the necessary conditioning regimens. On the other hand, the naturally occurring chimeric state resulting
from the bidirectional transplacental cell trafficking during pregnancy, the so-called feto-maternal microchimerism, can
also induce immune tolerance and thus influence the outcome of mother-to-child or child-to-mother organ transplanta-
tion. This review provides an overview of the field's historical development, clinical results, and underlying principles of
(micro) chimerism-based tolerance.
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Introduction
Chimerism and the concept of immune tolerance

Long-term success after solid organ transplantation depends
on the graft’s acceptance, which requires the recipient’s
immune system to be unresponsive to donor antigens. Cur-
rently, long-term intake of immunosuppressive drug regi-
mens, often consisting of multiple substances, is necessary
to prevent acute and chronic rejections. However, long-term
outcomes after solid organ transplantation remain limited
by chronic graft rejection and the adverse effects of life-long
immunosuppressive therapy, including risks of infection,
cancer, drug toxicity, cardiovascular and metabolic disease.

The immunologic consequences of chimerism have been
of interest in solid organ transplantation since seminal obser-
vations in dizygotic cattle demonstrated a specific accep-
tance of skin grafts from their sibling [ 1]. These observations
led to the definition of immune tolerance, characterized by
acceptance of the donor graft, rejection of third-party grafts,
and the specific unresponsiveness of recipient immune cells
to donor alloantigens without immunosuppressive treatment
[2]. The induction of immune tolerance became the ultimate
goal in solid organ transplantation as it would eliminate the
requirement of immunosuppressive therapy while prevent-
ing immune-mediated graft rejection.

Subsequently, the principles of alloimmunity have been
extensively researched to understand the mechanisms of
chimerism induced by allotransplantation and to develop
strategies to induce chimerism-based immune tolerance
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through Chimerism complete chimerism and tolerance in
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in the clinical setting. Figure 1 demonstrates the historical
timeline, highlighting milestones in the preclinical and early
clinical development of chimerism-based graft tolerance.

Establishment of chimerism for tolerance
induction to solid organ grafts in preclinical
studies

Rodent studies paved the way for the establishment
of post-transplant chimerism-based immune
tolerance and long-term allograft acceptance

The first intentional establishment of immune tolerance by
induction of chimerism was reported in 1953 by Billingham
et al. Neonatal mice were injected with bone marrow cells
from another strain. At adult age, the animals accepted skin
grafts from the bone marrow donor strain while rejecting
third-party grafts [2]. The resulting animals are an example
of mixed chimerism, defined by the presence of a mixture of
two or more hematopoietic and immune cell lineages in the
recipient’s bone marrow and lymphoid tissues. The extent
of donor chimerism can vary greatly in mixed chimeras and
can be determined by flow cytometry or PCR techniques.
The presence of donor-derived cells at a frequency of>1%
to<100% is termed macrochimerism. Microchimerism is
defined as the presence of donor-derived cells at a lower
frequency (<1%) and can only be detected by PCR. Mixed
chimaeras with macrochimerism demonstrate true immune
tolerance as they show specific unresponsiveness to both
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Fig. 1 Milestones in preclinical and early clinical development of chimerism-based tolerance induction to solid organ grafts. NHPs=non-human
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donor and recipient alloantigens while rejecting third-party
grafts. However, tolerance could only be induced by bone
marrow infusion during the first few days after birth. Later
infusions would result in no effect or enhanced immune
responsiveness and accelerated graft rejection [3]. Even
though the use of the protocol was not effective in adult ani-
mals, the study provided the first evidence that the immune
system could be deliberately manipulated to become toler-
ant to alloantigens.

Allogeneic bone marrow infusions to unconditioned
immunocompetent adult recipients are rapidly rejected and
do not engraft. Based on this logic, bone marrow transfer
requires prior depletion of the recipient immune system.
Therefore, adult mice were next conditioned with lethal
doses of total body irradiation before bone marrow transfer
[4]. Instead of mixed chimerism, protocols using myeloab-
lative irradiation induce complete chimerism. Complete
chimerism refers to a state where recipient hematopoietic
cells are entirely replaced by cells of donor origin. Complete
chimaeras also accept solid organ grafts from their bone
marrow donors and show specific unresponsiveness to these
grafts [5]. Mechanistically, this kind of graft acceptance
reflects the acceptance of self-antigens by the transplanted
donor bone marrow rather than true organ transplant toler-
ance. Complete chimerism is desirable in patients receiving
bone marrow transplantation as treatment for hematologic
disease to prevent tumor recurrence. However, complete
chimaeras are at risk of developing graft-vs-host disease
(GvHD) as the bone marrow graft is prone to mounting
immune responses against recipient alloantigens.

Irradiated animals receiving F1 hybrid bone marrow
transplants accepted skin grafts from the allogeneic parental
strain [6]. Using F1 hybrid bone marrow donors facilitated
graft acceptance and prevented GvHD since the grafted
bone marrow shared the alloantigens of both donor and host
strains. Skin graft acceptance in these animals can be attrib-
uted to a failure of the F1 hybrid bone marrow to reject an
organ of a parental strain. Thus, graft tolerance is merely
a consequence of self-tolerance rather than immunological
tolerance in the narrower sense.

Myeloablative conditioning is not suitable for organ
transplant candidates due to its association with possibly
life-threatening side effects, such as GvHD or profound
leukopenia. The risk of these toxicities would be vastly
disproportionate to the comparatively safe immunosup-
pressive treatment. Therefore, non-myeloablative strategies
were employed next. Furthermore, bone marrow is usually
transplanted in an MHC-matched setting while solid organ
transplantation is routinely performed across MHC barriers.
It is, therefore, necessary to define a conditioning regimen
sufficient to permit the engraftment of fully mismatched

bone marrow while avoiding unacceptable toxicity in the
recipient.

Total lymphoid irradiation (TLI), targeting the spleen,
thymus and lymph nodes, had initially been developed
to treat Hodgkins Lymphoma [7]. A similar regimen was
adopted in rodent transplantation models. Interestingly,
adult TLI-treated mice given allogeneic bone marrow trans-
plants demonstrated stable and self-perpetuating mixed
chimerism without any evidence of GvHD [8-10]. Trans-
plantation of skin grafts from the bone marrow donor and
third-party strains revealed the specific acceptance of bone
marrow donor grafts for up to 6 months [11]. In the mixed
leukocyte reaction, isolated immune cells from mixed chi-
maeras were specifically unresponsive to donor alloantigens
[12,13].

After the successful application of TLI-based induction
of stable mixed chimerism in mice, the principle was applied
in rats which received intravenous MHC-mismatched bone
marrow infusions and anti-thymocyte globulin (ATG) for
tolerance induction in a heterotopic heart transplantation
model.

Pre-transplant conditioning with TLI and ATG resulted
in mixed chimerism and graft tolerance [11]. However,
clinical translation of such a pre-transplant protocol would
be impractical as the timing of donor organ availability is
often uncertain in the clinical setting. Thus, the condition-
ing protocol was adapted for further studies and TLI/ATG
was administered the day after organ transplantation. Donor
bone marrow was then transferred twelve days after the
organ transplantation. In this post-transplant regimen, rat
heart allografts were not rejected during a follow-up period
of 6 months [14]. The addition of post-transplant immuno-
suppressive treatment with cyclosporine further enhanced
the establishment of stable mixed chimerism and transplant
tolerance in the model [15].

Further studies in the rat model of heterotopic heart
transplantation evaluated purified donor peripheral blood
mononuclear cells (PBMCs) as a substitute for bone marrow
cell infusion, as these would be easier to obtain for clinical
translation. While the use of peripheral cells prolonged graft
survival compared to control animals that did not receive
any donor cell infusions, heart grafts showed long-term his-
tologic evidence of chronic rejection [16]. Stable mixed chi-
merism and long-term graft acceptance were only achieved
in animals receiving donor bone marrow infusions [16].

Stable mixed chimerism can successfully be established
in rodents using a post-transplant regimen of total lymphoid
irradiation, application of anti-thymocyte globulin, and
donor bone marrow transplantation. Rodent stable mixed
chimaeras show long-term graft acceptance without any risk
of GvHD.
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Transient mixed chimerism is sufficient for long-
term graft acceptance in large animal models

Subsequently, protocols involving bone marrow transplan-
tation to induce immunological tolerance were studied in
large animals, such as dogs, mini-swine, and non-human
primates (NHPs). Low-dose total body irradiation (TBI) and
bone marrow transplantation resulted in stable mixed chi-
merism persisting for several years in fully MHC-matched
dogs. The animals received donor renal allografts and
bilateral native nephrectomy with a short course of immu-
nosuppression. At 5-year follow-up, all recipients showed
normal renal function and no evidence of acute or chronic
rejection [17]. Interestingly, the depletion of donor chimeric
cells by another TBI and recipient leukocyte infusion led
to continued acceptance of organ grafts, suggesting that the
persistence of mixed chimerism is not necessary for graft
tolerance in fully MHC-matched recipients [18].

In MHC-mismatched NHPs, non-myeloablative pre-
transplant TBI, thymic radiation and ATG infusion resulted
in mixed chimerism after combined bone marrow and kid-
ney transplantation. Maintenance immunosuppression was
not required in most recipient animals. In contrast to the
observations in rodents, a loss of mixed chimerism was
observed in NHPs after a few weeks. Regardless, renal
allografts retained good function without immunosuppres-
sive treatment [19].

In large animals, stable mixed chimerism was observed
only in MHC-matched transplantation [17, 20], suggesting
that its stability depends on MHC matching. Interestingly,
stability of mixed chimerism was not required in MHC-
mismatched transplantation for the long-term acceptance of
kidney grafts.

Clinical protocols for tolerance induction

Ideally, a tolerance protocol would preserve long-term graft
function without posing a larger risk than immunosuppres-
sion therapy. Clinical organ transplant tolerance is termed
operational tolerance, which is defined by the persistence
of normal graft function and the absence of acute or chronic
rejection without the intake of immunosuppressive drugs
[21]. While several other centers have also tried to establish
tolerance to organ grafts by induction of chimerism, three
particular centers in living-donor kidney transplantation
pioneered the clinical application of the concept [22]. An
overview of the timeline, including the different regimens,
drugs and treatments given to patients at the three facilities
is depicted in Fig. 2.

@ Springer

Massachusetts General Hospital

The first clinical trial of combined kidney and bone marrow
transplantation for deliberate induction of immunological
tolerance through chimerism was started in patients suffer-
ing from end-stage renal failure due to multiple myeloma
[23]. These patients were neither eligible for conventional
kidney transplantation due to their underlying malignant
condition nor for isolated bone marrow transplantation due
to their dependency on dialysis. Patients underwent a pre-
transplant conditioning regimen of cyclophosphamide, anti-
thymocyte globulin and thymic irradiation and received
combined kidney and bone marrow transplantation from an
HLA-matched sibling [24]. The inclusion of cyclophospha-
mide was inspired by murine tolerance induction protocols
where cytoreductive cyclophosphamide treatment was suc-
cessfully used to replace low-dose total body irradiation
[25, 26]. Patients were subsequently treated with cyclospo-
rine A monotherapy, followed by attempts to wean immu-
nosuppression [24]. While the protocol induced measurable
chimerism in all ten patients enrolled, stable mixed chime-
rism was achieved in only one individual. Mixed chimerism
was transient in five patients; the four remaining recipients
showed complete chimerism. Graft acceptance was achieved
in 50% of all patients enrolled who remained without any
immunosuppressive treatment for up to 17 years after trans-
plantation [24].

A cohort of five patients next received haploidentical
bone marrow and kidney grafts after preconditioning with
cyclophosphamide, an anti-CD2 antibody, and thymic
irradiation [27]. Transient chimerism was induced in all
patients. However, one patient developed acute rejection.
The remaining four patients were successfully weaned from
maintenance cyclosporine A treatment and demonstrated
stable graft function for up to four years [27].

The preconditioning protocol was then changed to total
body irradiation and fludarabine treatment for haploiden-
tical donor-recipient pairs. Reduction of the pretransplant
cyclophosphamide dose allowed for the addition of post-
transplant treatment to prevent GvHD after transplantation.
This scheme resulted in complete donor chimerism in 5 out
of 6 patients (83.3%), and immunosuppression was success-
fully withdrawn in 3 patients (50%) [28]. The main adverse
outcome of these trials was graft-vs-host disease: Overall,
70% of HLA-matched and 50% of haploidentical recipients
developed a form of clinical GvHD. Among the ten HLA-
matched recipients, three patients developed acute GvHD
and five patients developed a form of chronic GvHD [24].
Among the six haploidentically transplanted recipients, two
patients developed Grade 1 acute GvHD. There was no
GVvHD Grade 2—4. One patient developed chronic GvHD.
Risking GvHD would be unacceptable in candidates for
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Fig. 2 Overview of clinical proto-
cols for tolerance induction in kid-
ney transplantation. KTX =kidney
transplantation, BMT=bone mar-
row transplantation, HSCs=hema-
topoietic stem cells, FCs={facili-
tating cells, mAB =monoclonal
antibody, ATG=anti-thymocyte
globulin, MMF =mycophenolate
mofetil
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renal transplantation who do not suffer from hematologic
malignancy.

The group employed another conditioning scheme for
these kidney transplant candidates, consisting of pretrans-
plant thymic irradiation, an anti-CD2 monoclonal antibody,
and peritransplant rituximab induction [29]. Treatment with
the anti-CD2 monoclonal antibody effectively targets effec-
tor memory T cells, which express higher levels of CD2
compared to naive or regulatory T cells [30, 31]. With this
treatment protocol, all recipients developed mixed chime-
rism for up to two weeks [29]. However, only four out of
ten patients (40%) remained without immunosuppressive
treatment at 11 to 18-year follow-up. No cases of GvHD
were reported [29].

Stanford University

At Stanford University, the feasibility of non-myeloablative
conditioning regimens was first evaluated in patients with
hematologic malignancy who were not considered fit for
myeloablative conditioning due to comorbidity [32]. Persis-
tent mixed chimerism was established in almost all recipi-
ents who had received G-CSF-mobilised peripheral blood
mononuclear cells from HLA-matched donors [32].

Subsequently, the protocol was adopted to apply in com-
bined MHC-mismatched living-donor kidney and hema-
topoietic cell transplantation. Notably, a post-transplant
regimen was used for tolerance induction. After total lym-
phoid irradiation and application of anti-thymocyte globu-
lin, peripheral mobilised CD24 +hematopoietic stem cells
were infused on day 11 after kidney transplantation [33].
Maintenance immunosuppression consisted of prednisolone
and cyclosporine A. In this first study, two out of six recipi-
ents (33.3%) developed mixed chimerism and were weaned
from immunosuppression. However, immune tolerance was
not achieved, as both participants developed cellular rejec-
tion a few months later [33].

In another cohort, 29 patients received HLA-identical
transplantations and a modified conditioning regimen,
including T cell or stem cell infusion [34, 35]. Out of 29
patients enrolled, 24 (82.7%) developed mixed chimerism
for at least six months and were successfully weaned from
immunosuppression. At the 15-year follow-up, no evi-
dence of rejection was found in 22 patients (75.9%) with-
out immunosuppressive treatment. The other two patients
were returned to standard immunosuppression when they
presented with evidence of rejection about four years after
transplantation. Mixed chimerism was eventually lost in
19 of the 24 patients initially withdrawn from immunosup-
pression. Interestingly, graft function remained stable in
most patients weaned from immunosuppression, even when
mixed chimerism was lost [34, 35].

@ Springer

Another 22 recipients at Stanford University received
HLA-mismatched grafts with a modified conditioning regi-
men transmitting more T cells and maintenance immunosup-
pression with mycophenolate mofetil and tacrolimus [35].
Successful induction of mixed chimerism was observed
in 15 recipients (68.2%), and eleven patients were subse-
quently weaned from mycophenolate mofetil as they did not
show evidence of rejection or GvHD. In ten recipients, chi-
merism persisted, and nine of those patients were weaned
from tacrolimus. However, immunosuppression had to be
taken up again by all recipients, as chimerism was lost when
subtherapeutic levels of tacrolimus were reached, and some
recipients developed rejection [35].

The Stanford protocols successfully induced tolerance in
most recipients after MHC-matched transplantation without
the need for pre-transplant conditioning. Even though loss
of chimerism was common, graft function remained stable
in MHC-matched transplantation. In contrast, in a MHC-
mismatched setting, all patients remained dependent on
some immunosuppressive treatment. As there were no dif-
ferences in chimerism levels between MHC-matched and
-mismatched settings, the persistence of chimerism is not
the critical factor for the induction of tolerance. It is likely
that the Stanford protocol influences peripheral immuno-
regulation sufficiently to control alloimmunity in HLA-
matched transplantation but not across HLA barriers.

Northwestern University

Pre-transplant conditioning with cyclophosphamide, fluda-
rabine and non-myeloablative total body irradiation is used
at Northwestern University. The day after kidney trans-
plantation, patients receive a cell product derived from
mobilised hematopoietic stem cells enriched in a specific
CDS8" TCR cell population [36]. These so-called “facilitat-
ing cells” (FC) were first described in 1999 to promote the
engraftment of hematopoietic stem cells across MHC barri-
ers [37]. The clinically used cell product primarily consists
of immature plasmacytoid dendritic cells [36]. Mycophe-
nolate mofetil and tacrolimus were used for maintenance
immunosuppression and discontinued one year after trans-
plantation when persistent chimerism and allograft toler-
ance were confirmed. Eight patients underwent the regimen
initially and complete chimerism persisted in five patients
(62.5%) for at least a year [36].

In a Phase II trial, 37 patients underwent the North-
western protocol in HLA-mismatched combined kidney
and stem cell transplantation. Induction of chimerism
was successful in 35 patients (94.5%) and persisted in 26
(70.3%). After immunosuppression withdrawal, all patients
with persistent chimerism remain in stable clinical condi-
tion with preserved graft function [38]. GvHD occurred
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in one participant not weaned from immunosuppression
[38]. Subsequently, a phase III trial aimed to further evalu-
ate the use of the FC therapy was launched (FREEDOM-1;
NCT03995901). Safety concerns were raised after one par-
ticipant died from acute GvHD, causing a temporary pause
to the trial. More recently, the study was prematurely termi-
nated by the sponsor.

Taken together, immunological tolerance toward organ
grafts through chimerism can be achieved in humans, and
long-term withdrawal from immunosuppression is pos-
sible. However, the promising results from preclinical stud-
ies in rodents and large animals are not fully reflected in
humans. In some cases, complete chimerism develops, put-
ting patients at significant risk of GvHD. Once established,
mixed chimerism is frequently lost over time. Interestingly,
the stability of mixed chimerism is not a necessary precon-
dition for long-term clinical operational tolerance.

Mechanisms of immune tolerance in mixed
chimeras

The key goal is to reach stable mixed chimerism by using
conditioning regimens sufficient for the engraftment of
fully mismatched bone marrow without causing unaccept-
able toxicity in the recipient. The lack of non-toxic condi-
tioning protocols remains the main barrier to widespread
application.

The establishment of mixed chimerism is desirable as it
places a self-replenishing source of donor antigen-presenting

Fig. 3 Mechanism of tolerance
induction in mixed chimerism.
Donor-derived cells and tissues

are depicted in red, host-derived
cells in blue. After recipient
preconditioning and the transfer of
donor-derived hematopoietic stem
cells (HSCs), both donor- and host-
derived cells co-exist in the recipi-
ent bone marrow. Engraftment of
donor-derived dendritic cells in

the recipient thymus enables the
mutual negative selection of newly
developing host- and donor-reac-
tive T cells. Peripheral tolerance
mechanisms, such as the deletion
of host- and donor-reactive T cell
clones and the presence of regula-
tory T cells (T,,,) of both donor
and recipient origin, also contribute !
to the long-term acceptance of the y
donor organ
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cells in the recipient, extending their mechanisms of self-
tolerance to include the donor organ. Appropriate condition-
ing regimens would allow donor hematopoietic stem cells
to engraft in the recipient bone marrow while pools of self-
renewing recipient hematopoietic stem cells continue to co-
exist with the bone marrow graft. This way, the stem cell
pools give rise to a mixture of hematopoietic cell lineages
of recipient and donor origin.

Tolerance induction by mixed chimerism depends on
both central and peripheral tolerance mechanisms. The fol-
lowing paragraphs present the mechanistic base of tolerance
by chimerism and Fig. 3 gives an overview of the concept.
Current barriers to stable mixed chimerism are presented
along with the efforts to overcome them therapeutically.

Bi-directional intra-thymicT cell selection confers
central tolerance in stable mixed chimaeras

In persistent mixed chimerism, donor-derived antigen-pre-
senting cells (APCs) are engrafted in the recipient thymus
[12, 39, 40]. These donor-derived APCs probably derive
from transmitted progenitor cells or from peripheral den-
dritic cells migrating into the thymus [41-43].

Donor APCs in the thymus then present donor antigens
to the developing host T cells, inducing the deletion of allo-
reactive host-vs-graft T cells [12]. Vice versa, host-derived
APCs present host self-antigens to the transmitted donor T
cells, causing the deletion of graft-vs-host reactive T cells.
This way, a bi-directional process of clonal deletion is estab-
lished, conferring central tolerance. Central tolerance is the
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principal mechanism inducing and maintaining immune tol-
erance when recipient T cells are globally depleted before
transplantation [44]. Transmitted donor T cells are a poten-
tial source of antigen for the induction of central tolerance,
as peripheral T cells can re-enter the thymus. In mice, trans-
fer of donor T cells has been shown to induce tolerance
across MHC barriers [45].

Even though thymopoiesis diminishes with age, some
function is maintained lifelong [46]. Indeed, thymic output
is a major contributor to T cell reconstitution after antiretro-
viral therapy in the context of HIV infection and after hema-
topoietic stem cell transplantation, even in aged patients [47,
48]. Mechanisms for ongoing tolerization of newly devel-
oping donor-reactive T cells are necessary for robust and
lasting tolerance. Tolerance protocols exclusively relying on
peripheral mechanisms are hampered by a continuous out-
put of donor-reactive T cells from the thymus [49]. On the
other hand, relying on central tolerance alone is insufficient
to allow immunosuppression removal without risking organ
graft rejection or graft-vs-host reactions. Mixed chimerism
induced by low-intensity host conditioning leaves residual
host post-thymic T cells, potentially mediating organ rejec-
tion. Likewise, post-thymic donor T cells accompany the
hematopoietic graft and their persistence can confer graft-
vs-host reactions. Furthermore, some solid organ grafts,
such as the liver or intestine, carry large numbers of post-
thymic donor lymphocytes with potential graft-vs-host reac-
tivity. Therefore, peripheral immunoregulatory mechanisms
are also needed to control bidirectional alloreactivity.

Peripheral T cell deletion can stabilize mixed
chimerism and graft acceptance

Peripheral T cell functions can be controlled by a progres-
sive deletion of T cell clones or by the induction of unrespon-
sive states such as T cell anergy or exhaustion. Longitudinal
studies demonstrated that donor-reactive T cell clones are
progressively deleted in blood and biopsy samples of tol-
erant individuals after solid organ transplantation [50, 51].
Persistent peripheral T cells likely mediate rejection in non-
tolerant individuals. This barrier to immune tolerance may
be overcome by pharmacological enhancement of periph-
eral T cell deletion.

In mice, it was shown that T cell depletion by monoclo-
nal anti-CD4 and anti-CD8 antibody therapy contributed to
the induction of mixed chimerism [52].

Physiologically, peripheral T cell deletion can be trig-
gered by the receptor-triggered extrinsic or the mitochon-
dria-dependent intrinsic pathway. The extrinsic pathway is
initiated by Fas-FasL interaction and facilitates the dele-
tion of T cells after contact with their cognate antigen,
resulting in activation-induced cell death. In contrast, the

@ Springer

intrinsic pathway is controlled by members of the Bcl-2
family of apoptotic regulators. In mice, applying a Bcl-2/
Bcl-X; inhibitor combined with costimulatory blockage
allowed for the induction of mixed chimerism after donor
bone marrow infusion, even without previous lymphoabla-
tive conditioning [53]. Recently, Bcl-2 inhibition was found
to promote stable mixed chimerism and long-term renal
graft survival in non-human primates after total body irra-
diation conditioning [54].

In contrast to laboratory rodents, long-term stable
mixed chimerism is far more challenging to achieve in
large outbred animals and humans. These differences can
be explained by the presence of peripheral memory T cells
and cross-reactive T cells representing a barrier to immune
tolerance. Indeed, non-human primates with high frequen-
cies of pre-transplant donor-reactive memory T cells fail to
become tolerant after non-myeloablative combined kidney
and bone marrow transplantation [55]. Cross-reactive T-cell
clones can originate from prior infections. For example,
such heterologous immunity has been demonstrated in anti-
CMV T cell clones, where up to 45% of clones have allore-
active properties [56].

Strategies to eliminate donor-reactive memory T cells
have been explored in NHPs and show promising results.
The fusion protein Alefacept targeting LFA-3/CD2 inter-
actions selectively depleted effector memory T cells, lead-
ing to stable mixed chimerism, and long-term survival of
renal allografts after a post-transplant conditioning regimen
[57]. Similarly, the depletion of CD8+memory T cells by
application of a humanised anti-CD8 monoclonal antibody
achieved mixed chimerism and survival of renal grafts in
most NHP recipients [58].

Peripheral regulatory T cell populations promote
chimerism and graft tolerance

In contrast to peripheral allo-effector T cells, the presence
of peripheral regulatory T cell (Treg) populations is associ-
ated with graft tolerance. Indeed, an increased frequency of
memory regulatory T cells is found in kidney graft recipi-
ents who developed spontaneous operational tolerance [59].
An enrichment of Tregs has been observed early after trans-
plantation in patients treated with the non-myeloablative
protocol at Massachusetts General Hospital [60]. Tolerant
patients demonstrated an enrichment of donor-reactive
Tregs specifically [61]. Expansion of donor-specific Tregs
was found in NHPs that were tolerant to solid organ grafts
after undergoing non-myeloablative conditioning regimens
[62]. In line with these findings, deletion of donor-reactive
Tregs in a murine model disrupts previously established
tolerance [63]. Furthermore, Tregs can promote infectious
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tolerance to a broader diversity of donor antigens by con-
verting conventional T cells to induced regulatory T cells
[63, 64].

Pharmacologically, Treg expansion can be promoted by
subcutaneous injection of Interleukin-2 (IL-2), as demon-
strated in chronic GVHD [65]. However, IL-2 also activates
effector T cells, leading to graft rejection in previously toler-
ant NHPs with mixed chimerism [66].

Peripheral Tregs can be conserved by costimulatory
blockage, a strategy often used for tolerance induction in
preclinical studies. In contrast to conventional effector T
cells, Tregs do not upregulate CD40L upon activation [67],
suggesting that CD40/CD40L blockage can increase Treg
frequency. In line with this, anti-CD28 antibody treatment
augmented peripheral and intragraft Treg frequencies in
NHPs after kidney and heart transplantation [68]. Further-
more, co-stimulatory blockage is a promising strategy as it
also leads to the deletion of peripheral effector T cells [69].

Instead of promoting an endogenous enhancement of
Treg frequency, Tregs could be applied as ex vivo manu-
factured cell products. In rodent models, the direct admin-
istration of polyclonal Tregs, in addition to donor bone
marrow, promoted the establishment of stable chimerism
and tolerance [70]. Applying allospecific Tregs might even
be advantageous over polyclonal cell products to induce tol-
erance [71]. In another preclinical study, allogeneic MHC-
targeted chimeric antigen receptors were used to redirect
Treg specificity to the allograft [72]. Even though the ex
vivo manufacturing of allospecific Treg products for clinical
application is difficult due to their low frequency, polyclonal
Treg products are currently evaluated in clinical trials for
GvHD prophylaxis and in kidney and liver transplantation
[73-75].

Donor lymphoid cells from solid organ grafts can
promote chimerism and counteract alloimmunity

Donor lymphoid cells can not only be brought into the
recipient by bone marrow transfer, but also by the solid
organ graft itself. Especially, intestinal and hepatic grafts
harbor high amounts of donor lymphoid cells. Interestingly,
recipients of intestinal allografts commonly show mixed
chimerism of peripheral leukocytes without evidence of
neither GVHD nor graft rejection [50]. This is also observed
after multivisceral transplantation, which includes the donor
stomach, pancreas, and liver in addition to the small intes-
tine [76]. Such grafts are rich in donor leukocytes in the
mucosal lymphoid tissues, lymph nodes, lymphoid follicles,
and Peyer’s patches. Therefore, it seems likely that donor-
derived immune cells introduced to the recipient with the
allograft mount anti-host responses, balancing out host-vs-
graft (HvG) alloimmune reactions without causing GvHD.

In rodents, it has been shown that infusions of donor
lymphocytes can convert mixed chimerism to full donor
chimerism, based on graft-vs-host (GvH) reactivity [77].
In these animals, the alloresponse remains confined to the
lymphohematopoietic system and does not involve epithe-
lial tissues, resulting in the absence of GvHD [77]. Imaging
studies of T cell migration later showed that tissue inflam-
mation is a prerequisite for the migration of graft-vs-host
reactive T cells to epithelial targets [78].

GvH-reactive donor leukocytes promote tolerance
through their local action at the solid organ graft and on
bone marrow level. Locally, an expansion of GvH-reactive
T cells in the intestinal mucosa of the graft is associated
with a rapid replacement of donor myeloid cells by APCs of
recipient origin [50]. This way, an increased ratio of GvH-
reactive to HvG-reactive T cells is present in the allograft,
facilitating tolerance. The GvH-reactive cells are believed
to be derived from tissue-resident memory cells which are
cross-reacting to alloantigens [79].

In the bone marrow of recipients of intestinal grafts,
donor-derived T cells and even hematopoietic stem and pro-
genitor cells can be found even after 100 days after trans-
plantation [80]. It was demonstrated that some of the T cell
clones that were found in the bone marrow were present in
the graft mucosa at earlier time points, suggesting that tis-
sue-resident GvH-reactive cells migrate to the bone marrow
and facilitate the engraftment of donor cells by cytolysis of
recipient hematopoietic cells [80].

Taken together, tissue-resident donor lymphoid cells can
promote multilineage mixed chimerism and tolerance with-
out the risk of GVHD by GvH reactivity that is confined to
the lymphohematopoietic system. Clinically, these reactions
are most prominent in recipients of intestinal and multivis-
ceral allografts.

Feto-maternal microchimerism as natural
determinant of transplantation tolerance

Feto-maternal microchimerism refers to bidirectional trans-
placental cell trafficking during pregnancy, shaping a micro-
chimeric state for both mother and offspring [81], known
as fetal and maternal microchimerism, respectively (Fig. 4).

Maternal microchimerism encompasses the presence and
persistence of maternal cells in various tissues and organs
of the offspring [82—85]. Although several types of maternal
microchimeric cells (MMc) have been identified—includ-
ing progenitor cells, stem cells, differentiated immune cells,
and somatic tissue-specific cells such as intrahepatic biliary
epithelial cells and insulin-producing beta cells- the com-
plete repertoire of MMc within individual fetuses remains
incompletely characterized [82, 85-89]. Of note, evidence
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Fig. 4 Feto-maternal microchimerism and organ transplantation. The
bidirectional transplacental cell trafficking during pregnancy shapes
a microchimeric state for both mother and offspring, with maternal
(MMc) and fetal microchimeric cells (FMc) residing in fetal and off-

suggests that the composition of the MMc pool reaching the
fetus may be influenced by several factors, including mater-
nal-fetal HLA compatibility and pregnancy conditions such
as maternal infection, inflammation and related immune
activation, thereby resulting in inter-individual variability
[83, 90, 91]. Due to their longevity in the offspring’s body
and immunological effects, the potential role of MMc in
organ transplantation outcomes has recently gained atten-
tion. Although MMc are genetically discordant and thus for-
eign to the offspring, they are not rejected by the offspring’s
immune system [92]. In fact, an early and prolonged expo-
sure of the offspring to these maternal cells attributes a
degree of immune tolerance to maternal antigens. Of note,
MMc have been shown to boost the production of tolero-
genic fetal regulatory T cells that attenuate the fetal immune
response to non-inherited maternal antigens (NIMA) [92].
Thus, it can be hypothesized that such tolerance persists over
time and may determine the outcome of postnatal transplan-
tation involving maternally-derived donor organs [85, 92].
Indeed, long-term follow-up of pediatric liver transplant
recipients reveals clinical and immunological benefits of
living donor liver transplantation, especially with maternal
grafts [93]. Specifically, maternal living donor grafts have
been linked with lower rates of organ failure and acute cel-
lular rejection as well as lower maintenance immunosup-
pression requirements in pediatric transplant recipients with
biliary atresia [94-97]. Interestingly, increased maternal
cells have been found in the livers of children with biliary
atresia and are considered crucial players in disease patho-
genesis by fueling a graft-versus-host cascade of events in
the liver [88, 98, 99]. However, in the case of transplanta-
tion, these cells seem to be beneficial for graft tolerance,
since biliary atresia patients receiving a maternal liver
exhibit improved outcomes compared to patients receiv-
ing a paternal liver [95]. Similar findings have also been
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spring tissues, respectively, for a long time after birth. Such an early
and prolonged exposure of the offspring to these maternal cells pro-
motes immune tolerance to maternal antigens, which may influence
the transplantation outcome in cases of mother-to-child organ donation

Immune tolerance

reported in the case of kidney transplantation, with maternal
living renal graft donation resulting in 50% lower treated
rejection rate than paternal donation, and higher long-term
graft survival in sibling recipients of kidney grafts express-
ing NIMAs [100-102]. Nevertheless, observations concern-
ing kidney transplantation are in general ambiguous, with
a few studies demonstrating no improvement in transplan-
tation outcome of mother-to-child kidney grafts [103—105]
and others conversely associating maternal renal donation
with higher rejection and graft failure risk [106]. Such a lack
of a favorable “NIMA” impact in the case of maternal kid-
ney donation may be—at least partially- explained by the
higher immunogenicity of renal compared to liver allografts
[107, 108], which may cover any potential MMc-mediated
tolerance. Importantly, a beneficial MMc effect has also
been reported in cases of hematopoietic stem cell transplan-
tation, with MMc immunomodulating effects resulting in
attenuated GvHD incidence or severity and lower relapse
rates following transplantation [109, 110]. Taken together,
these observations suggest that maternal microchimerism
can influence organ transplantation outcomes by modulat-
ing immunity and promoting immune tolerance, enhanc-
ing donor-recipient compatibility, and reducing the risk for
rejection and graft failure. Further research is warranted in
order to fully characterize the maternal microchimerism-
related cellular legacy and its inter-individual variations, in
order understand their impact on transplantation outcome
and explore potential clinical applications in this context.
Leading to a similar immune priming, fetal microchime-
rism, comprising the presence and long-term persistence of
fetal cells in maternal tissues, may also induce immune tol-
erance and thus, impact transplantation outcomes in mother-
to-child or child-to-mother transplant donations [85]. The
pool of fetal microchimeric cells (FMc) is likely more
homogeneous than the MMc repertoire. Various FMc types
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have been identified, including T and B cells, monocytes
and macrophages, NK cells, granulocytes, as well as hema-
topoietic and mesenchymal stem cells [85, 111]. Addition-
ally, similar to maternal microchimerism, FMc composition
may vary between individuals due to aforementioned fac-
tors. It can be thus hypothesized that fetal cells remaining
in the mother’s body after pregnancy may act as tolerizing
agents thereby rendering the maternal immune system less
aggressive towards fetal antigens. Additionally, fetal cells
have been found to promote the development of regulatory
T cells, which are crucial for immune tolerance and immune
suppression, and could therefore contribute to favorable
outcomes in maternal recipients of offspring-derived organs
[112]. Conversely, fetal microchimerism may also con-
tribute to allorecognition and promote immune activation
by priming the maternal immune system to react to fetal
antigens, thereby resulting in chronic rejection of a trans-
planted organ carrying such antigens [113—-115]. These
contradictory effects seem to largely depend on a balance
between tolerant allogeneic T-cell-mediated responses and
proinflammatory allogeneic B-cell-based responses. In
mice, allogeneic pregnancy results in rejection of offspring-
matched allogeneic heart grafts transplanted in postpartum
mice despite allo-specific Treg expansion. Interestingly,
these grafts are tolerated in postpartum B-cell-deficient
recipients, thereby indicating that pregnancy-triggered sen-
sitization may surpass pregnancy-induced T-cell-mediated
tolerance of offspring-derived grafts [113, 114]. Similarly,
pregnancy-sensitized non-human primates receiving off-
spring-matched renal transplants required de-sensitization
and belatacept-based maintenance along with conventional
tacrolimus-based immunosuppression to achieve prolonged
graft survival [115]. These observations suggest that female
recipients of offspring-matched grafts may benefit from
immunosuppression strategies targeting pregnancy-induced
humoral immunity while sustaining the beneficial effects
of pregnancy-triggered T-cell-mediated immune toler-
ance. However, similar to maternal microchimerism, more
research is required to understand the implicated mecha-
nisms and FMc variations, exerted effects and potential
therapeutic applications of fetal microchimerism in organ
transplantation.

Conclusion

The establishment of mixed chimerism to achieve immu-
nological tolerance is a promising concept which may
provide substantial benefits to organ transplant recipients
who are currently threatened by both the possibility of
acute or chronic graft rejection and the side effects of long-
term immunosuppressive drug therapy. However, the main

hurdle to wide clinical application is the ongoing search
for the ideal conditioning regimen, which must allow suf-
ficient engraftment of donor bone marrow without expos-
ing patients to unacceptable toxicity. While such non-toxic
tolerance regimens have been successfully established in
laboratory rodents, clinical translation still lags behind.
Translation is hampered by distinct immunological differ-
ences, such as heterologous immunity between inbred labo-
ratory rodents kept under specific pathogen-free conditions
and outbred large animals or humans exposed to environ-
mental influences. Several strategies to facilitate engraft-
ment in non-myeloablative conditioning regimens have
been researched in rodents. Currently, the lack of respec-
tive pharmacological agents for clinical application poses
another translational hurdle. Improvements in the efficacy
and safety of tolerance induction and a focus on post-trans-
plantation regimens are necessary to pave the way towards
routine clinical use in a wider variety of solid organ grafts
and deceased donors.

In parallel, a better understanding of mechanisms
involved in natural immune tolerance, as seen in the case
of feto-maternal microchimerism may open up new thera-
peutic avenues and improve transplantation outcomes in
mother-to-offspring and offspring-to-mother transplant
donations. Insights into the protective and — to a lesser
extent — detrimental implications of microchimerism in
this context will allow the design of appropriate pre- and
post-transplantation immunomodulatory and -suppression
approaches in order to optimize transplantation outcome
and prolong graft survival.
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