Developing immunologic tolerance for

transplantation at the fetal stage

Given the shortage of human organs for transplantation, the waiting lists are increasing annually and
consequently so is the time and deaths during the wait. As most immune suppression therapy is not antigen
specific and the risk of infection tends to increase, scientists are looking for new options for
immunosuppression or immunotolerance. Tolerance induction would avoid the complications caused by
immunosupressive drugs. As such, taking into account the experience with autoimmune diseases, one
strategy could be immune modulation-induced changes in T-cell cytokine secretion or antigen therapy;
however, most clinical trials have failed. Gene transfer of MHC genes across species may be used to induce
tolerance to xenogenic solid organs. Other options are induction of central tolerance by the establishment
of mixed chimerism through hematopoietic stem cell transplantation and the induction of ‘operational
tolerance’ through immunodeviation involving dendritic or Tregs. | propose that, as the recognition and
tolerance of proteins takes place in the thymus, this organ should be the main target forimmunotolerance

research protocols even as early as during the fetal development.
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Human leukocyte antigens

The response to a single antigen is diverse and
includes many different antibody molecules, each
with unique affinity and specificity. The cloning
of genes encoding the immunoglobulins demon-
strated that the antibody repertoire is generated
during B-cell development by rearrangements of
DNA. These combine and assemble different gene
segments of V regions from a relatively small group
of inherited V region sequences in each locus.
The diversity is further increased by a process of
somatic hypermutation in mature B cells. The
human antibody repertoire is of 10" of different
antibody molecules or perhaps even more.

The antibody diversity is generated in four
fundamental ways. First, there are many different
copies of each type of gene segments that form
the region V and different combinations of gene
segments can be used in different recombination
events. It is mainly responsible for the diversity
of V regions of heavy and light chains. A second
source of combinatorial diversity originates from
the pairing of different combinations of V regions
of both chains to form the antigen-binding site.
These two mechanisms alone in theory could
lead to 2.5 x 10% different antibody molecules.
Third, at the junctions between different gene
segments, additional diversity by the recombi-
nation process is introduced. Finally, somatic
hypermutation introduces point mutations in
the rearranged V regions.
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The MHC genes are a group of highly poly-
morphic genes located on the short arm of human
chromosome 6 at 6p21.3 segment that encode
the HLAs, and their biological function is the
presentation of antigenic peptides to recipients of
T lymphocytes. It spans more than 4 megabases
and include more than 200 genes. These genes
are related to the cellular and humoral immune
response in the recognition of self and foreign,
which in organ transplantation results in accep-
tance or rejection of the graft depending on the
degree of genetic compatibility between individu-
als who express these antigens. The MHC region
is divided into three subgroups:

Class I loci: HLA-A, -B and -C;
Class II: HLA-DR, -DQ and -DP;

Class III: genes coding for other immune
components, such as complement proteins C2,
C4 and factor B, the enzyme 21-hydroxylase,
HSP70 and TNF-a [1.2].

Class I molecules present on the cell surface of
virtually all nucleated cells of the body, present
antigenic peptides produced by the cell and are
recognized by CD8 T cells, whereas tissue distri-
bution of class II is restricted to B lymphocytes,
macrophages, dendritic cells (DCs), endothelial
cells and T lymphocytes that are activated by
antigen-presenting cells (APCs), and are endocy-
tosed and recognized by CD4 helper T cells [3.4].
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The advent of molecular techniques in the field
of histocompatibility was essential to enable the
identification of numerous HLA alleles that differ
by one or more nucleotides, and in some cases, by
one or more amino acids [5,6].

The peptides presented by HLA molecules
may come from external sources, but mostly
they derive from endogenous proteins. During
normal maturation of the immune system, tol-
erance develops to these ‘self’ proteins. Positive
selection, which ensures the survival of T cells
that carry T-cell receptors (TCRs) capable of
recognizing selFMHC molecules, is believed to
be driven by MHC-II* cortical thymic epithelial
cells. On the other hand, elimination of autore-
active T cells by negative selection is driven by
MHC-II* thymic DCs and medullary thymic
epithelial cells [7].

Owing to the importance of HLA com-
patibility in the outcome of transplantation,
most allogeneic transplants have been between
HLA-matched individuals. However, in the
context of organ transplantation, polymor-
phisms in these endogenous proteins serve as
sources of minor histocompatibility (minor H)
antigens and form the basis of immunological
nonidentity between HLA-matched individuals
(8]. HLA molecules are fundamental in T-cell
activation, as they bind peptides and present
them to T cells. The HLA molecules them-
selves are termed MHC antigens, and T cells
react vigorously when confronting nonidentical
HLA molecules.

High-dose chemotherapy or systemic radio-
therapy needs to be administered to the recipient
prior to transplantation to eradicate host T cells
sufficiently to prevent graft rejection. Also, post-
transplant treatment of the graft recipient with
potent immunosuppression contributes signifi-
cantly to preventing graft rejection. Despite such
prophylaxis, significant graft-versus-host dis-
ease (GVHD) and host-against-graft reactions
continue to grow [9,10].

Memory T cells

After arriving as precursors from the bone mar-
row, small numbers of CD4-CD8" (double-neg-
ative [DN]) thymocytes — the most immature
cells in the thymus — proliferate and differentiate
into CD4* CD8"* (double-positive [DP]) cells.
Proliferation and differentiation of DN cells
are driven by a distinct surface receptor, com-
posed of a TCR-B and pre-TCR [11]. The DP
thymocytes die by failure to recognize any of
the molecules and consequently survival signal.

Remaining DP thymocytes expressing TCRs
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that bind self-MHC/self-peptide molecules
with low affinity are rescued through positive
selection and differentiate into MHC-restricted,
helper and cytotoxic T cells [12]. Ultimately, posi-
tive selection produces a customized T-cell rep-
ertoire, consisting of mature T cells expressing
receptors, which can identify the individual’s
MHC proteins. It is equally critical that mature
T cells are not activated by self-peptide-MHC
ligands and negative selection eliminates thymo-
cytes with high-affinity TCRs for selt-MHC/
self-peptide ligands by inducing apoptosis in
those cells. Low-affinity peptide-MHC ligands
are recognized by mature T cells, providing
survival signals that maintain the peripheral
T-cell pool [13]. By contrast, a T cell is activated
when confronting high-affinity peptide-MHC
ligand, generally consisting of a sel-MHC and
a foreign peptide.

Upon exposure to a foreign antigen, antigen-
specific T cells proliferate and differentiate into
effectors that eliminate the foreign intruder.
The vast majority of effector T cells, however,
undergo apoptosis as the immune response pro-
gresses and the few lymphocytes that survive
become long-lived memory T cells [14]. Memory
T cells that recognize microbial antigens pro-
vide the organism with long-lasting protection
against potentially fatal infections. Conversely,
memory T cells that recognize donor alloanti-
gens jeopardize the survival of life-saving organ
transplants by mediating rejection [1s). Therefore,
a point of view in the pursuit of transplantation
tolerance is how to coerce an immune response
determined to generate T-cell memory into a
state of antigen-specific unresponsiveness.

Regardless of which differentiation path-
way is operational, memory T cells arise from
antigen-activated lymphocytes that proliferated
during the expansion phase of the immune
response and not from naive T cells that received
suboptimal antigenic stimulation and failed to
proliferate. The same characteristics of memory
T cells that make them very efficient at elimi-
nating microbial pathogens also enable them
to rapidly reject foreign tissues. Unlike inbred
mice, outbred animals including humans har-
bor a significant number of memory T cells that
are alloreactive. These memory T cells generally
arise if an individual is exposed to alloantigens
via pregnancy, blood transfusion or a previous
organ transplant. However, alloreactive mem-
ory T cells also exist in individuals who have
never been exposed to foreign tissues before.
This phenomenon is commonly referred to as
heterologous immunity [16].
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Several investigators have provided evidence
that alloreactive memory T cells indeed con-
tribute to both acute and chronic allograft rejec-
tion. Others have observed that the presence of
memory phenotype T cells (CD45RO") in heart
and kidney allograft biopsies and in the periph-
eral blood of transplant recipients correlates
with the incidence and severity of rejection [17).
Moreover, T cells with memory phenotype have
been detected in patients receiving high levels of
immunosuppression [18], demonstrating that cur-
rent immunosuppressive therapies do not inhibit
the generation or maintenance of T-cell memory.

Memory T cells not only endanger allograft
survival by causing both acute and chronic rejec-
tion, but also impede the induction of transplan-
tation tolerance. Strategies to induce immuno-
logic tolerance to a foreign antigen by exploiting
the same principles that underlie tolerance to
self-antigens are: deletion, anergy, suppression
and immune deviation [19]. Deletion is medi-
ated by the apoptosis of antigen-specific naive
or recently activated T cells leading to antigen-
specific unresponsiveness. Alternatively, a toler-
ance-inducing strategy could inactivate T cells
without causing their death (anergy), generate
regulatory cells that block T-cell activation and
function (suppression) or induce the differen-
tiation of naive T cells into a nonharmful phe-
notype (immune deviation). Moreover, immu-
nomodulatory agents that do not consistently
induce donor-specific tolerance invariably fail to
suppress immunologic memory in experimental
animals [20,21]. CD8* memory T cells seem to be
as susceptible to tolerance as their naive coun-
terparts [22]. Although memory T cells are less
susceptible to apoptosis than naive T cells, they
can still be coerced to die. Memory CD8* T cells
that migrate to immune-privileged sites undergo
apoptosis mediated by the TNF receptor family.
Memory T cells are subject to suppression by
Tregs and are not rigidly differentiated and may
be amenable to immune deviation [23]. Therefore,
memory T cells can be potentially controlled via
the same mechanisms that mediate naive T-cell
tolerance. An alternative approach to targeting
memory is to block activation pathways unique
to the recall of memory T cells [24].

Controlling T-cell memory responses entail
not only suppressing existing memory cells but
also inhibiting the generation of new ones. Of
course, the greatest challenge that remains is how
to achieve all this in an antigen-specific manner:
selective deletion or suppression of alloreactive
or self-reactive memory T cells without globally
compromising the host’s immune system.
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Immunological tolerance

The lymphocyte response between tolerance
and no tolerance is regulated at different levels.
One such tolerance is the state of maturation
of APCs. In fact, there is a consistent model
whereby T-cell interactions with immature
APCs lead to the induction of various tolero-
genic mechanisms. Antigen targeted to imma-
ture DCs in vivo leads to the induction of
tolerance via abortive expansion, deletion and
anergy of the remaining antigen-specific T cells
[25]. Interactions between other members of the
TNF receptor family OX-40 ligand (OX-40L)
and OX40, which are expressed on APCs and
T cells, respectively, also provide a decisive signal
that can influence tolerance versus autoimmu-
nity. In general, the majority of the literature is
consistent with a model where signals that pro-
mote APC maturation, such as adjuvants and
pathogens, are crucial for converting tolerogenic
to activating signals.

The immune system responds to substances
that cause damage (danger signals), rather than
to those that are simply foreign. Danger signals
consist of molecules or molecular structures,
released or produced by cells undergoing stress
or abnormal cell death, which are perceived by
resting APCs and which induce the APCs to
become activated, to offer costimulatory signals
and, thus, to initiate immune responses. Some
endogenous danger signals that recently have
been discovered are HSPs, nucleotides, reac-
tive oxygen intermediates, extracellular-matrix
breakdown products, neuromediators and
cytokines such as interferons [26].

Whereas direct recognition of pathogens by
Toll-like receptors and other innate immune
receptors is an important mechanism by which
APCs are stimulated to promote activation of
T cell, other situations, such as organ trans-
plants and tumors, may trigger an immune
response [27].

Detection of self-antigens is an important
event that contributes to the induction of tol-
erance or autoimmunity. Evidence from many
models demonstrates that self-antigens are cross-
presented by bone marrow-derived cells and then
induce peripheral T-cell tolerance [28]. DCs can
induce peripheral tolerance and cross-present
tissue-specific antigens by reconstituting MHC
class I expression only on DCs i vivo.

Alterations in cell surface molecules that posi-
tively act on antigen receptor signaling can lead
to breakdown in tolerance [29]. Cell surface nega-
tive regulators participate in restraining autoan-
tibody production. For example, CD5 appears to
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be a negative regulator of at least some B cells as
well as T cells. In fact, in the lysozyme system,
CD5 seems to be important for maintaining
B-cell anergy. On the contrary, mutations that
enhance B-cell receptor signaling by compromis-
ing feedback inhibitory pathways enhance B-cell
activation during an immune response and lead
to increased number of activated B cells, plasma
cells and elevated serum immunoglobulin levels.
Although progress has been made in under-
standing the mechanisms that lead to immuno-
logical tolerance, it remains a challenge to induce
selective and drug-independent tolerance.

Transplantation

Tissue matching involves identifying MHC anti-
gens on both donor and recipient cells and using
donor cells with as many MHC alleles identical
to those of the recipient as possible. Matching
MHC class I, especially HLA-B, and class II
HLA-DR alleles is more important for success-
ful transplantation than matching other MHC
antigens; and matching MHC is more important
than matching minor H antigens. Transplants
must always be matched for blood type antigens,
which are found on other body tissues.

HLA matching improves graft survival,
but does not prevent rejection, even in MHC-
identical siblings (except for identical twins).
One reason is that MHC typing using anti-
HLA antibodies is imprecise; available antibod-
ies do not detect all MHC alleles and the same
antibody may bind two similar, but noniden-
tical alleles. Another reason is the presence of
minor H antigens; these antigens stimulate slow
but eventual graft rejection. Finally, time for full
typing is limited for cadaver grafts because the
organs can survive for only a limited time; heart
transplants are matched only for ABO and rhesus
(Rh) blood types.

The cause of transplant rejection is the rec-
ognition of foreign MHC antigens by T cells
and activation of those T cells to become effec-
tor cytotoxic or helper T cells. T-cell activation
occurs in the case of vascularized grafts of nucle-
ated cells expressing MHC. Autografts and grafts
from an identical twin do not have foreign MHC
antigens and are usually accepted without medi-
cation to prevent rejection. Allografts may have
identical or nonidentical alleles at the MHC loci.
Xenografts may have MHC antigens so foreign
that it is not recognized by T cells and does not
activate them, but other antigens (e.g., adhesion
molecules and cell surface carbohydrates) can
cause very rapid graft rejection.

Allogeneic MHC is recognized by either CD8
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T cells (class I) or CD4 T cells (class II); up
to 10% of T cells can recognize a given allo-
geneic MHC because it resembles sel-MHC*
foreign peptide. Minor H antigens are usually
recognized by CD8 T cells and the number of
responding T cells more closely resembles that
for a foreign antigen (0.01-0.001% of T cells).
Minor H differences are owing to polymorphism
in proteins between members of the same spe-
cies. An example is proteins encoded only on the
Y chromosome (H-Y antigens). Since females do
not make these proteins, Y antigen peptides are
foreign antigens and elicit immune (antimale)
responses. Some minor H antigens may actu-
ally be foreign peptides presented on sel-MHC,
so that two people with the same MHC alleles
could differ because the donor cells were present-
ing foreign peptide that could be recognized by
the recipient and induce an immune response
that would kill the donor cells. Most minor H
antigens have not been identified. All cells on
the graft express minor H antigens and can be
recognized and destroyed by recipient T cells.

Hyperacute graft rejection occurs immediately
upon transplantation. It is owing to preformed
antibodies, either natural antibodies to blood
type antigens or anti-MHC antibodies formed
in response to blood transfusions or previous
transplants or developed during pregnancy to
the baby’s paternal MHC antigens. Antibodies
react with antigens on vascular endothelial cells
and activate complement. Resulting damage
blocks blood vessels and starves the organ for
oxygen. Hyperacute rejection fatally damages
the organ and cannot be reversed; the only treat-
ment is immediate removal of the graft. It can
be prevented by careful cross-matching of donor
and recipient blood.

Grafts contain passenger leukocytes, APCs
bearing both MHC and costimulatory mole-
cules. Passenger leukocytes travel to the draining
lymph nodes and activate recipient T cells (direct
alloreactivity). Direct activation of recipient
T cells is responsible for acute graft rejection that
occurs in the first weeks following transplanta-
tion; effectors are primarily cytotoxic T lym-
phocytes. Symptoms of acute rejection include
fever, skin rash, impaired organ function and a
mononuclear (T-cell) infiltrate into the graft vis-
ible on biopsy. Indirect alloreactivity comes from
uptake of graft antigens by recipient APC and
presentation on selEMHC. Peptides from both
MHC and minor H antigens are presented by
recipient APCs. Effectors are usually Thl cells
that activate macrophages to cause tissue injury
and scarring that can cause chronic rejection or
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organ failure.

Chronic rejection usually results in arterio-
sclerosis of graft vessels; in kidney grafts fibro-
sis and atrophy of the glomerulus and tubules
occurs. Chronic rejection and organ failure are
usually owing to alloreactivity, ischemic-reper-
fusion injury during transplantation, chronic
toxicity of antirejection drugs and infection
with citomegalovirus. T cells infiltrate the graft
and produce cytokines that upregulate CAM
expression on vascular endothelium and attract
macrophages. Macrophages secrete IL-1, TNF-a
and MCP to cause chronic inflammation.

1 Transplantation challenges

Improved success in transplantation depends on
increasing technical expertise, the availability
of transplant centers to do HLA matching and
minimize organ delivery time and the avail-
ability of immunosuppressive drugs that block
T-cell activation to alloantigens. Still problems
still exist in the form of shortages of organs, pre-
vious existing diseases that destroy the trans-
planted organs (e.g., diabetes), side effects of
immunosuppressive drugs and high cost.

Given the shortage of human organs for
transplantation, there has been an increasing
interest in using animal organs, mainly pigs.
Transgenic pigs have been created that have five
human genes: CD46, CD55, CD59, DAF and
H-transferase. The first four of these encode
human complement-inhibitory proteins that
block human complement from damaging the
pig organs, but much more work needs to be
done before xenografting from pigs to humans
is practical. One potential problem that must be
avoided, even if the transplantation rejection can
be dealt with, is the transfer of potentially lethal
viruses from animals to humans via xenografts.

Donor marrow can be treated before trans-
plantation with antibodies to markers on mature
T cells (anti—CD3 [Ficure 1], anti-CD4 [FIGURE 2]
and CD8) to reduce the possibility of GVHD.
Cord blood from the placentas of newborns
contains high frequencies of stem cells and low
frequencies of mature T cells and can replace
bone marrow as a source of hematopoietic cell
transplants.

Despite the improvement of early-graft sur-
vival, late-graft loss caused by chronic rejec-
tion and the lethal consequences of long-term
immunosuppression, such as infection and can-
cer, remain major concerns for the transplanta-
tion community. Tolerance induction would
avoid these complications [30]. The options are
induction of central tolerance by establishment of

Figure 1. CD3* lymphocytes marked on thymus. Markers used for diagnosis

purposes, not for immunomodulation (magnification x40).

mixed chimerism through hematopoietic stem cell
(HSC) transplantation [31] and the induction of
‘operational tolerance’ through immunodeviation
involving dendritic or Tregs.

The biological concept of microchimerism,
the bidirectional trafficking and stable long-
term persistence of small numbers of allogeneic
(fetal and maternal) cells in a genetically differ-
ent organ, has gained considerable attention.

Figure 2. CD4* lymphocytes marked on thymus. Markers are used for
diagnosis purposes, not for immunomodulation (magnification x40).
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Microchimeric cells can modify immunological
recognition or tolerance, affect the course and
outcome of various diseases and demonstrate
stem cell-like or regenerative potential 32,33). The
presence of semiallogeneic cells in a host can have
significant immunological effects on transplanta-
tion tolerance and rejection [34]. Consistent with
these observations, T-cell-replete HSC transplan-
tation between mutually microchimeric moth-
ers and their HLA-haploidentical offspring has
been shown to be feasible, although the degree of
microchimerism-associated tolerance appears to
substantially differ among the cases [33].

Mixed chimerism is not an absolute recipe for
induction of transplantation tolerance to organ
allografts; microchimerism may not be sufficient
for induction of tolerance to highly immuno-
genic organs, whereas full donor chimerism
can induce robust transplantation tolerance to
all organs.

There are different ways to induce chime-
rism: the classical stem cell transplantation with
myeloablative conditioning and the more accept-
able reduced-intensity conditioning or even non-
myeloablative stem cell transplantation based on
selective deletion of alloreactive T cells in vitro
prior to cell infusion or 77z vivo by administration
of cyclophosphamide [3¢).

Allogeneic HSC transplantation has been a
curative therapeutic option for a wide range of
immune hematologic malignant and nonma-
lignant disorders including genetic diseases and
inborn errors [37]. Stem cell therapy has emerged
in the last years as a promising strategy for the
induction of tolerance after organ transplan-
tation. Mesenchymal stromal cells, neuronal
stem/progenitor cells, HSCs and embryonic
stem cells can modulate the immune response
and induce peripheral or central tolerance [38,39].
However, the major limitation in broad utiliza-
tion of hematopoietic cellular transplantation/
organ transplant therapy has been the toxicity of
conditioning regimens used to generate a favor-
able environment to allow for bone marrow
engraftment [40].

Central clonal deletion of donor-specific allo-
reactive cells associated with mixed chimerism
reliably produced long-term graft tolerance [41].
In this setting, depletion of recipient T cells
and antilymphocyte antibodies and subsequent
repopulation by donor and recipient hema-
topoietic cells are prerequisites for tolerance
induction. The dose of donor HSC:s is a critical
factor influencing the efficacy of this tolerance-
inducing regimen. Other important parameters
include MHC class II expression by donor cells
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and engraftment of donor T cells.

A substantial amount of work has focused on
T-cell depletion (TCD) of the donor stem-cell
graft as a method for preventing GVHD [42].
However, TCD is associated with an increased
rate of severe and often fatal infections, a higher
incidence of graft rejection and an increased
risk of leukemia recurrence. As an alternative
to TCD, other techniques capable of induc-
ing antigen-specific tolerance are conceptually
appealing in that they would prevent GVHD
without resulting in profound post-grafting
immunosuppression [43].

One approach to the development of antigen-
specific tolerance builds on the observation in
murine models whereby exposure of antigen-
activated T cells to antibodies against the
invariant CD3 domain of the TCR can induce
apoptosis specifically in activated cells, thereby
preventing GVHD [44]. A second approach for
the development of antigen-specific tolerance is
based on the ‘two-signal model’ of T-cell activa-
tion. T-cell activation requires not only stimula-
tion of the TCR with its appropriate antigen in
the context of MHC, but also a second ‘costim-
ulatory’ signal provided by CD28. A blocking
anti-CD28 antibody caused inactivation of the
L-2 gene [45); and transplantation using CD28-
knockout mice as donors resulted in partial
protection of recipients from lethal GVHD [46].

Gene transfer of MHC genes across species
may be used to induce tolerance to xenogenic
solid organs, should stem cells from another
species be used as a source of engineered tis-
sue [47]. Other studies have focused on the role
of inflammatory cytokines and host APCs in
the pathogenesis of GVHD. During an innate
immune response, the capacity of NK cells to
preferentially kill targets lacking MHC class L is
directly influenced by their expression of inhibi-
tory MHC-recognizing receptors [48]. Each sub-
population of lymphocytes employs activating
multisubunit immune recognition receptors to
initiate cellular functions.

Blood

The glycosphingolipids present on the surface
of cells are involved in cell—cell recognition and
are antigenic, accounting for certain blood-group
substances. Before any transfusion is started, it
is necessary to draw blood for serologic typing.
Specific antigens (A, B, AB and O) are found
in each of the major blood groups. Whenever
the red cell membrane is devoid of the A or B
antigen, the serum contains antibodies (anti-A or
anti-B, respectively). ABO blood group antigens
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are expressed throughout the whole body. The
presence of glycosphingolipid and glycoprotein
antigens on the surfaces of cells make it neces-
sary to match blood or tissue types before car-
rying out either a blood transfusion or a tissue
tansplantation. The explanation for cases of
hemolytic disease of the newborn as a result
of ABO incompatibility is that natural anti-A
and anti-B of mothers with blood group O are
of the IgG class and can cross the placenta,
whereas those of mothers with blood type A or
B are predominantly IgM and cannot cross the
placenta [49].

The highly immunogenic Rh antigens are a
group of polypeptides closely linked to the red
blood cell membranes. The Rh antigen system
is polymorphic, consisting of D, C, ¢, E and e
antigens [50]. The genes encoding the Rh blood
group system have been mapped to chromosome
1p34 [51]. A total of 85% of the population also
has the RhD antigen present on their erythro-
cytes. Patients whose red blood cells (RBCs) con-
tain the D antigen are classified as Rh positive.
Patients who are Rh-negative do not, however,
possess RhD antibodies. A total of 55% of the
Rh-positive white population is heterozygous for
the presence of the RAD gene. If a Rh-negative
woman is pregnant from a heterozygous
Rh-positive partner, her fetus has a 50% chance
of being heterozygous Rh-positive like the father
and a 50% chance of being Rh-negative like
the mother. In the latter case, the fetus will be
unaffected by RhD alloimmunization. When an
Rh-negative pregnant woman has anti-D alloan-
tibodies directed against the RhD antigen on the
erythrocyte membrane of her Rh-positive fetus,
red blood cell destruction leading to fetal hemo-
lytic anemia can be the cause of fetal hydrops
and intrauterine fetal death (erythroblastosis
fetalis) [52]. In spite of current recommendations
for anti-D immune globulin administration dur-
ing and after pregnancy in Rh-negative women,
only a low percentage become immunized [53).
Currently, intrauterine therapy consisting of the
intravascular injection of RBC into the umbili-
cal vessels is the mainstay of therapy for severe
fetal anemia [54]. This treatment may require
repeated cordocenteses [55], but some pregnancies
are so severely affected that fetal anemia cannot
be corrected by intrauterine transfusions even
if they are initiated at an early gestational age.

It is possible to determine the RhD blood
type on single human cells, including blas-
tomeres obtained from a human embryo [56].
This will allow avoidance of RhD-positive
pregnancies in selected cases of severe anti-RhD
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alloimmunization.

Packed RBCs are the most frequently admin-
istered blood component. Since it lacks A, B
and Rh surface antigens, group O, Rh-negative
blood can be given to most potential recipients.
Other less common antigens on the O-negative
cells may cause a transfusion reaction if the
recipient serum contains antibodies to these
less common antigens. Taking into account
that most of the population lacks antibodies to
these less-common antigens, transfusion of O,
Rh-negative peripheral RBCs is relatively safe.
Group O, Rh-negative whole blood should not
be given because the donor serum may contain
high anti-A or anti-B titers, which could cause
hemolysis of the recipient RBCs.

Risks & complications of
transfusion therapy
Transfusion reactions with an immunologic
basis include hemolytic and nonhemolytic
(allergic) reactions. Acute hemolytic transfu-
sion reactions are the most dangerous and
feared complication of blood transfusion and
must be immediately and rapidly recognized
and treated. Major hemolytic reactions (0.04%)
result from the interaction of antibodies in the
recipient plasma with antigens on the RBC of
the donor. Hemolysis resulting from the trans-
fusion reaction produces free hemoglobin and
RBC stromal debris, which results in hemoglo-
binuria and renal tubular damage. Classic signs
and symptoms of chest pain, back pain, chills,
fever and dyspnea may become apparent after
the transfusion of small volumes (10—-30 ml)
of incompatible blood. Gross hemoglobinuria
may be present; however, oozing and progressive
unexplained hypotension may be the only clues
leading to this diagnosis in anesthetized patients.

The mortality rate from hemolytic trans-
fusion reactions varies between 17 and 53%.
Nonhemolytic transfusion reactions (febrile,
anaphylactoid and noncardiogenic pulmonary
edema) are more common than are hemolytic
reactions, with an incidence of 2—10%. These
reactions are secondary to leukocytes or plasma
proteins and can be reduced by using of leuko-
cyte-depleted blood products or premedication
with antihistamines. Treatment of these reac-
tions includes discontinuing the blood trans-
fusion and treatment with an antihistamine,
epinephrine and steroids.

The alloimmunization is a condition caused
primarily by the receptor antibodies against
HLA of a foreign individual, present in a blood
product transfusion. The presence of antibodies
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directed against transfused platelets can cause
removal or their destruction by the immune
system of the recipient. This implies a consider-
able reduction in the total number of platelets
transfused. When this occurs in repeated trans-
fusions, the individual is said to have refractive
platelet transfusion.

The fetus

The fetus is an allograft normally not rejected in
pregnancy even though half of the baby’s anti-
gens are foreign to the mother. Cells from the
fetus come into contact with the mother’s cells
in the placenta and may even enter the mother’s
circulation during pregnancy. The mother does
make antibodies to the father’s HLA antigens;
women who have had several pregnancies are
the best source of anti-HLA antibodies for
serological typing.

The placenta, particularly the trophoblast,
plays a major role in preventing rejection.
Trophoblast cells do not express classical class I
or class II MHC that would activate maternal
CD8and CD4 T cells. Instead, trophoblast cells
express HLA-G that binds killer cell immuno-
globulin-like receptors on NK cells and blocks
their recognition (NK cells kill cells not express-
ing MHC in the absence of killer cell immuno-
globulin-like receptor binding). Cells in the
placenta also express the enzyme indoleamine
2,3-dioxygenase that rapidly catabolizes tryp-
tophan, which starves maternal T cells for this
amino acid and reduces their ability to respond.
Pregnant mice given inhibitors of indoleamine
2,3-dioxygenase reject allogeneic but not syn-
geneic fetuses. Evidence also exists for specific
T-cell tolerance to paternal MHC during the
pregnancy. Finally, trophoblast cells secrete
IL-1, IL-10 and TNF-a, which suppress Thl
responses.

Classic and contemporary anatomic studies of
human embryos have revealed that human hema-
topoiesis begins in the second to third embryonic
weeks with formation of mesoderm-derived blood
islands in the extraembryonic mesoderm of the
developing secondary yolk sac. The hematopoi-
etic output of the yolk sac is gradually replaced by
intraembryonic sites in the following sequence:
the aorta—gonad—mesonephros, which is gener-
ated from the para-aortic splanchnopleure region
[57.58]; embryonic liver, which becomes active
at approximately 5 weeks of gestation [59] and
finally; the fetal bone marrow [60].

Human umbilical cord blood is a rich source
of hematopoietic precursor cells [61], which most
likely representa developmental stage intermediate
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between fetal liver and adult bone marrow.

Microchimerism can occur as a result of
blood transfusion, solid organ transplantation
or twin—twin transfusion. The most frequent
and physiological cause of microchimerism is
pregnancy, owing to the bidirectional exchange
of cells between the fetus and the mother. The
transfer of fetal cells into the maternal circulation
begins at 4—6 weeks of gestational age (62] and
can persist in maternal blood and tissues after
delivery [63].

Hypotheses: developing tolerance

in uterus

The induction of immunologic tolerance is an
important clinical goal in transplantation and
autoimmunity. Immunologic tolerance is tra-
ditionally defined as specific unresponsiveness
to a self or foreign antigen while maintaining
reactivity to other antigens [64]. In the context
of transplantation, a tolerant patient is someone
who is capable of mounting an effective immune
response to vaccines and microbial pathogens,
but is incapable of rejecting the transplanted
organ. Although several immunomodulatory
strategies have been used successfully to induce
immunologic tolerance in rodents, the same
strategies have failed in larger animals and in
humans. Examples of induced tolerance in
organ transplant recipients or in patients with
autoimmune disease have been rare and often
unintentional [36,39]. The answer to this ques-
tion most likely lies in the immunologic barriers
that preclude the induction of antigen-specific
unresponsiveness. These barriers include the
limitations of peripheral (extrathymic) immuno-
regulatory mechanisms that are commonly
exploited to induce tolerance (T-cell deletion,
suppression, deviation and anergy), the large
repertoire of alloreactive T cells in the case of
transplantation and the unavoidable fact that the
adaptive immune response, by virtue of evolu-
tionary design, is destined to generate immuno-
logic memory. It is the last barrier that is perhaps
the most important obstacle to immunologic
tolerance [65].

Although the thymus provides an important
mechanism to eliminate initial self-reactive
T cells, many tissue-specific proteins are not
expressed in sufficient quantities to induce tol-
erance. One objective would be the develop-
ment of HLA receptor desensitization during
the embryonic stage to tolerate future trans-
plants. The thymus arises bilaterally from the
third and fourth branchial pouches and con-
tains elements derived from all three germinal
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layers (66,67). Development begins in gestational
week 6. Migration of tissue occurs during the
week 8, leading to a fusion of the bilateral lobes,
with the thymus occupying its final position in
the anterosuperior mediastinum. In the course
of its development, until gestational week 9, the
thymus remains purely epithelial. By week 10,
small lymphoid cells migrate from fetal liver and
bone marrow, leading to lobulation of the gland.
Further differentiation into cortex and medulla
is completed by 14-16 weeks [68].

To complement central tolerance events, sev-
eral mechanisms of peripheral tolerance exist.
One key mediator of peripheral tolerance is
the role of APC. APCs, such as DCs, capture
self-antigens from other cells and present them
to autoreactive T cells (cross-presentation) to
induce T-cell tolerance by deletion or anergy [28].
The induction of peripheral T-cell tolerance is
dependent upon the concentration of self-anti-
gen [69]. If the self-antigen is expressed at low lev-
els, then minimal cross-presentation occurs and
the self-reactive ‘ignorant’ T cells remain in the
T-cell repertoire. Events that modulate self-anti-
gen expression, such as tissue necrosis or tumor
development, will influence the level of cross-
presentation. The fate of the autoreactive T cells
will then be determined by whether or not the
event that leads to increased cross-presentation
is coupled with events that lead to APC matura-
tion. If increased levels of self-antigen expression
occur in the absence of signals that promote full
APC maturation, then tolerance will occur; by
contrast, if self-antigen is detected in the pres-
ence of proinflammatory signals or other events
that promote APC maturation, then tolerance
will be broken and autoimmunity will arise by
activating ignorant T cells.

A thymocyte’s TCR must bind strong enough
to at least one type of self-peptide-MHC com-
plex to receive survival signals and emigrate from
the thymus (a process called positive selection).
With a view on the recent data, it seems more
appropiate to regard the activation and downreg-
ulation of T cells as a process of ‘multisignal inte-
gration’, with the TCR mainly responsible for
the specificity of the response [70]. Recent stud-
ies have suggested that subsets of cells includ-
ing regulatory cells, suppressor cells, NK cells
and NK T cells can all influence tolerance and
autoimmunity via APC/DC-dependent or
-independent mechanisms [71,72].

The thymic microenvironment is exceptional
in its ability to sustain production of T cells but
it is a longstanding question as to which bone
marrow-derived cell seeds the thymus and to
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what level this cell is committed to the T-cell lin-
eage. Furthermore, many tissue-specific proteins
are not expressed at sufficient levels to induce
tolerance in the thymus. Understanding the
basis for CD4/CD8 lineage choice in the thymus
is central to our understanding of thymocyte
development [73].

Although there are multiple theoretical solu-
tions to the challenge of self/nonself discrimina-
tion, Burnet and Fenner proposed as a corollary
to the clonal selection theory that the problem
can be solved on the basis of time consider-
ations; any antigen to which the immune sys-
tem is exposed to in the fetal or early neonatal
stages is flagged as self and induces long-term
tolerance [74]. Lederberg extended this notion
by postulating that immature lymphocytes have
a heightened sensitivity to tolerance induction
(75]. This ‘newborn privilege’ was tested by
introducing foreign molecules as surrogates for
self and, indeed, it did prove possible to induce
tolerance by administration of allogeneic cells,
viruses or proteins to neonates but not in adults
(76-78]. However, neonatal exposure was not
always tolerogenic and the outcome was clearly
dose dependent [79.80]. By genetic engineering,
cDNAs encoding allergens for most disease-
eliciting epitopes can be used as templates
before modification by several different strat-
egies (e.g., fragmentation, mutation, deletion,
oligomerization and production of hybrids).
These derivatives can be designed to maintain
T-cell epitopes and structures required for the
induction of protective antibody responses.
Furthermore, it is possible to directly modu-
late the immunogenic/tolerogenic properties of
these molecules by genetic modification, which
in principle would even allow the use of adju-
vants to be bypassed [81].

DNA vaccination consists of purified plasmid
DNA containing an antigen’s coding sequences
introduced into the tissue via intramuscular
injection or particle bombardment. This method
is providing new insights into some of the basic
immunological mechanisms of vaccination such
as antigen presentation, the role of effector cells
and immunoregulatory factors [s2].

DNA vaccination for transplantation has
been less investigated compared with DNA vac-
cines for infectious disease, cancer and patho-
logical autoimmunity, but this technique could
likely reduce the need for systemic immuno-
suppressants and be applied to the prevention
of chronic rejection, which remains a major
barrier to successful allotransplantation [83]. For
example, immunization with nonpolymorphic
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Embryonic age

Organ of hematopoiesis Thymus development

16-18.5 days Yolk sac
27-40 days Aorta—gonad—-mesonephros
5-6 weeks of gestation Embryonic liver Week 6: beginning

to end of second trimester

Start of second trimester to Fetal bone marrow
end of gestation

antigens found in both donor allograft and
recipient would be an attractive means to prevent
long-term graft rejection. Some approaches have
been reached in animal models [84].

In addition, DNA vaccines may enable us to
manipulate the immune system in situations
where the response to agents is inappropriate or
ineffective. In this regard, DNA vaccines have
a potential application for the study of neo-
natal tolerance and autoimmunity [ss]. If the
most common HLA antigens were introduced
by purified plasmid DNA in an early embrio-
genic stage, the baby would be tolerant to those
antigens.

At the heart of the knowledge, it is clear that
tolerance will depend on the time and dose of
the foreign antigen to be exposed in the host.
We suggest that to generate T-cell memory into
a state of permanent antigen-specific unrespon-
siveness, it is necessary to expose the specific
antigens into the thymus between weeks 4 and
8 of embriogenesis (Taste 1). As hematopoiesis
begins between the second and third embryonic
weeks, it could be possible to get a tolerance to
nonself antigens if exposed during this period,
for example, inducing tolerance to ABO blood
group antigens to produce an embryo capable
of being a receptor from any kind of blood
type (Tasee 2). Therefore, the natural candidates
to breed the first multitolerant human being
should be a mother with group A and father

Blood type Red cells donor can

of recipient be from

() O*or O

O O

A+ Any A*; A, O*or O

A Any Aor O

B+ Any B*; B-; O*or O-

B Any Bor O

AB~* Any AB*; AB-; A*; A,
B+, B, O* or O

AB- Any AB-; A-; Bor O
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Week 8: fusion of the bilateral lobes
Week 10: lymphoid cells migrate from
fetal liver and bone marrow

Weeks 14-16: differentiation into cortex
and medulla

with groups B or AB, a mother with group B
and father with groups A or AB, or a mother
with group AB and father with groups A, B or
AB (Box 1).

The window to get a multitolerant human
being might be from the 6th to the 16th week
of gestation in accordance with the thymus
development (Tases 1). We should first try with
cats as animal models, as they only have three
blood types: A, B and AB. Repetitive low-dose
intravascular injection of RBC or specific car-
bohydrates from erythrocyte membranes into
the umbilical vessels should be the most achiev-
able technique to be used, in fact, this is a usual
intrauterine therapy for severe fetal anemia [54],
so after the first success with animals, humans
can be the next step.

Future perspective

Despite progress in the clinical setting and in
the laboratory with respect to blood transfu-
sion [86], several aspects deserve special attention.
First, the steady increase in blood product con-
sumption and shortage of some phenotypes [87].
Second, a decline in regular blood donations over
the next decades in many countries as a result
of the aging of populations. Third, emerging
alternatives such as artificial blood substitutes
or in vitro stem cell-derived blood components
are still in early stages of development and are
not expected to be put in practice within the next
few years [88]. Taken together, a declining dona-
tion rate and an increase in the consumption of
blood components require novel approaches to
solve this problem.

Similarly, the demand for transplants will
keep increasing (89]. In support of this notion is
the growing number of patients with end-stage
renal disease [90], the use of stem cells for cardiac
ischemia or liver progenitor cells as the organ
procurement is limited [91,92].

It is clear from some studies that the new
immunosuppressive drugs control acute rejec-
tion better and have potentially short-term eco-
nomic advantages. However, their long-term
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cost—effectiveness has not been determined [93].
In other words, the immunosuppresive treatment
is expensive and not easily affordable for all
patients. Herein, reducing or eliminating the
necessity of immunosuppresive drugs would be
one of the greatest scientific successes of all times.

Of particular concern is the disparity between
patients awaiting transplantation and available
organs that has forced many of them to go over-
seas to receive a transplant [94]. It is, therefore,
imperative to reinforce the organ donation cul-
ture while further work is developed to get new
options for immunotolerance beyond the drugs
that we have in our clinical practice nowadays.

Overall, the worldwide tendency of chronic
diseases that produce organ failure has been
accompanied by challenges that need to be
faced as specialists look to the future. Emerging
issues such as the aging of the population bring
new pressures on the availability of an afford-
able organ supply. These serious difficulties
require innovative strategies and commitment
of resources.

There have been described innovative
approaches for induction of transplantation
tolerance. Among these, the use of antigen-
specific tolerogenic DCs that target autoreactive
T cells is an attractive strategy, with the aim of
reprogramming the immune system [95.96].

New results establish a role in immune toler-
ance for short-course immune induction therapy,
defined as a specific, short-term immune modu-
lation using a therapeutic agent to induce T-cell
nonresponsiveness, limiting the need for long-
term maintenance immune suppression [40]. In
the clinical setting, this kind of tolerance has been
observed as an unexpected phenomenom in many
patients that weaned themselves off immune
therapies over time without transplant rejection.

Research concerning HLA-G, a natural
tolerogenic molecule involved in the maternal—
fetal tolerance has made this molecule a critical
key in the tolerance of allogeneic transplants.
Indeed, HLA-G inhibits NK cell and cytotoxic
T-lymphocyte cytolytic activity, CD4* T-cell
alloproliferative responses, T cell and NK cell
ongoing proliferation and DC maturation [9798].

Another strategy for immune tolerance is
the implantation of tissue obtained early dur-
ing embryogenesis as a way to reduce immuno-
genicity of transplants. Adaptation of this meth-
odology for transplanting organs so as to induce
organogenetic tolerance would revolutionize
transplantation therapy [99].

Itis recognized that inhibiting endogenous dan-
ger signals may prevent APCs to become activated
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Mother group A and father is:
Group B: baby group A, B, AB or O
Group AB: baby group A, B or AB

Mother group B and father is:
Group A: baby group A, B, AB or O
Group AB: baby group A, B or AB

Mother group AB and father is:
Group A: baby group A, B or AB
Group B: baby group A, B or AB
Group AB: baby group A, B or AB

(100]. By using this approach, HSPs, nucleotides,
reactive oxygen intermediates, extracellular-
matrix breakdown products, neuromediators,
cytokines, among others, must all be considered
for potential design of blocking drugs to improve
immune tolerance to foreign antigens. Should
the early exposition in uterus of alloantigens be
reached, we may begin to see easier tolerance to
organ transplantation as the activation of APCs
by danger signals would be diminished.

In summary, the surgical techniques for trans-
plantation have evolved faster than the medical
treatments to induce immunosuppression. In
the coming years, the side effects of drugs will
likely be reduced. It is likely that xenografts will
be improved even with the development of chi-
meras, but researchers will still be thinking in
100% HLA compatibility transplantation with
new alternatives such as artificial organ develop-
ments, genetically modified mouse or pig models,
therapeutic HLA-G molecules and tolerogenic
dendritic cells [101,102] and perhaps in two or three
generations we will be talking about multitolerant
human beings.

Acknowledgements

The author thanks Martha Liliana Romero Prieto, Hospital
Universitario Fundacién Santa Fe, Colombia for her
excellent help with the immunostaining. The author would
also like to thank Luis Cejudo Espinosa, Autonomous
University of the State of Mexico, for his excellent assistance
with editing the manuscript.

Financial & competing interests disclosure
The author has no relevant affiliations or financial
involvement with any organization or entity with a finan-
cial interest in or financial conflict with the subject matter
or materials discussed in the manuscript. This includes
employment, consultancies, honoraria, stock ownership or
options, expert testimony, grants or patents received or
pending, or royalties.

No writing assistance was utilized in the production of

this manuscript.

www.futuremedicine.com

1509



Despite improved success in transplantation, problems regarding shortages of organs, side effects of immunosuppressive drugs and

high cost remain.

There has been an increasing interest in using animal organs, particularly pigs, but one potential problem is the transfer of potentially
lethal viruses from animals to humans via xenografts.
More recent therapeutic strategies are based on induction therapies, which concentrate on profound immune cell depletion at the time
of transplant, when immune activation is most intense.
Current therapeutic strategies to manipulate the immune response are certainly capable of reducing autoimmunity and reducing
short-term rejection rates; however, they are associated with significant adverse events and, in the case of transplantation, have yielded
little reduction in long-term rejection rates. Recently, in the transplant setting, there has been a shift to include concurrent cell infusions,
broadly defined as hematopietic cell transplant, at the time of organ transplantation as a means of inducing tolerance.

Therapeutic HLA-G molecules and tolerogenic dendritic cells are actively investigated for tolerance induction in transplantation.

It could be possible to get a tolerance to nonself antigens if exposed between the second and third embryonic weeks, for example
inducing tolerance to ABO blood group antigens to get an embryo capable of being a receptor from any kind of blood type.

The window to get a multitolerant individual might be from weeks 6 to 16 of gestation in accordance with the thymus development.
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