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Abstract

Traditionally, alloimmunization to transfused blood products has focused exclusively upon 

recipient antibodies recognizing donor alloantigens present on the cell surface. Accordingly, the 

immunological sequelae of alloimmunization have been antibody mediated effects (i.e. hemolytic 

transfusion reactions, platelet refractoriness, anti-HLA and anti-HNA effects, etc.). However, in 

addition to the above sequelae, there is also a correlation between the number of antecedent 

transfusions in humans and the rate of bone marrow transplant (BMT) rejection - under reduced 

intensity conditioning with HLA matched or HLA identical marrow. BMT of this nature is the 

only existing cure for a series of non-malignant hematological diseases (e.g. sickle cell disease, 

thalassemias, etc.); however, rejection remains a clinical problem. It has been hypothesized that 

transfusion induces subsequent BMT rejection through immunization. Studies in animal models 

have observed the same effect and have demonstrated that transfusion induced BMT rejection can 

occur in response to alloimmunization. However, unlike traditional antibody responses, 

sensitization in this case results in cellular immune effects, involving populations such as T cell or 

NK cells. In this case, rejection occurs in the absence of alloantibodies, and would not be detected 

by existing immune-hematological methods. We review human and animal studies in light of the 

hypothesis that, for distinct clinical populations, enhanced rejection of BMT may be an 

unappreciated adverse consequence of transfusion which current blood bank methodologies are 

unable to detect.
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Introduction

Bone marrow transplantation (BMT) is currently the only existing cure for a variety of 

disorders, for which blood transfusion support is an integral component in the treatment of 

the disease [1-8]. In general practice, rejection of a bone marrow transplant is now a rare 

event, due to the use of stringent myeloablative conditioning regimens that promote 

engraftment through suppression of immunity in the patient prior to transplantation. The 

toxic effects of stringent regimens are particularly useful in killing off neoplastic cells, thus 

directly treating the cancer. However, for bone marrow diseases that can be cured by BMT 

but that lack neoplasia (e.g. aplastic anemia, sickle cell disease, thalassemias, etc.), it is 

difficult to justify the use of stringent conditioning regimens, which increase morbidity 

and/or mortality. Accordingly, for BMT to be used as a safe cure for non-malignant 

indications, transplantation protocols must be developed that facilitate engraftment without 

the toxic profiles associated with traditional conditioning regimens used for BMT to treat 

malignant disease. The development of such “reduced intensity” conditioning protocols have 

resulted in greater levels of subsequent BMT rejection. This review focusses on recent work 

testing the hypothesis that transfusion may play a role in inducing such BMT rejection by 

priming the recipient immune system against minor histocompatibility antigens (mHA) 

shared on the transfused product on the donor bone marrow.

Decreasing the Immunological Barrier to Transplantation

In an attempt to decrease antigenic barriers in BMT, much like the approach for solid organ 

transplants, matching of Human Leukocyte Antigens (HLA) between donor and recipient 

has been carried out. In the event of an HLA matched sibling, one can achieve an essentially 

HLA identical graft [8]. If an HLA-identical sibling donor is unavailable (as in most cases), 

an HLA-matched, unrelated donor can be utilized [8]; however, in this case the HLAs are 

seldom identical at all loci and some degree of mismatch inevitably exists.

The incidence of graft rejection is significantly decreased when using HLA-matched or 

HLA-identical donors. However, even using HLA identical donors does not eliminate 

immune barriers to transplantation. Except in the case of identical twins, even siblings that 

are HLA identical will still have multiple amino acid polymorphisms throughout the 

genome. When a peptide containing a polymorphism can be presented by an MHC 

molecule, the allopeptide/MHC complex constitutes a minor histocompatibility antigen 

(mHA)†. For the purposes of the current review, the definition of an mHA will be that which 

is predominant in the field of transplantation; in particular, a variant peptide on an MHC 

variant shared between donor and recipient.

From a biochemical point of view, an mHA is very much like a peptide from a pathogen, in 

that it is a foreign peptide presented on self-MHC, albeit typically with smaller deviation 

†The term “minor antigen” has a dual meaning in transfusion medicine. In the context of immunohematology a minor antigen is a 
non-HLA associated epitope against which alloantibodies are formed. For cellular immunology, minor antigens are variant peptides 
presented by the same MHC molecule, but are a target for allospecific T cells and not an alloantibody recognized epitope.
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from self-sequence than normal (see Figure 1). Thus, it is not surprising that mHAs are 

known to function as antigens for cellular immunity [9-11].

Rejection Despite HLA identical BMT with Pharmacological Conditioning

Although development of reduced intensity conditioning regimens and matching of HLA 

represents substantial progress, up to 15% of patients still reject the graft. Indeed, recent 

trials of BMT to cure sickle cell disease reported high rejection rates in recipients of 6/7 

HLA matched unrelated donors [12]. As a general principle, memory T and B cells are 

substantially less sensitive to elimination through pharmacological conditioning than are 

naïve cells. Thus, one popular hypothesis is that the patients who reject BMT have 

established immunity against donor mHAs prior to conditioning or BMT. Several sources of 

previous immunization are possible. First, pregnancy has been described to result in 

immunization to mHAs derived from fetal tissues. Second, graft rejection due to cross-

reactivity between pathogen specific cellular immunity and an allopeptide in an HLA (or 

heterologous immunity) has been shown to occur in humans and animals [13-16]. Finally, 

since the vast majority of patients awaiting BMT for bone marrow disease are supported 

with transfusions prior to transplant, immunization to mHAs on transfused products has 

been hypothesized as a likely source of immunity to mHAs.

Of the above hypotheses, previous immunization from transfusion has been most rigorously 

investigated. Correlative studies have reported that chronically transfused patients reject 

HLA-matched bone marrow transplants at a greater frequency than minimally or un-

transfused patients [17-22]. This association has been argued to support the hypothesis that 

blood transfusions sensitize patients against a subsequent transplantation [17, 19-25]. 

However, alternative explanations of the correlation between increased transfusions and 

BMT rejection exist. Multiple blood transfusions might simply correlate with patients who 

have a more advanced disease that results in a greater perturbation of the bone marrow 

microenvironment, which may lead to a less supportive compartment for transplanted 

marrow (e.g. an indication bias due to disease severity). Consistent with this interpretation, 

bone marrow injury from perivascular fibrosis of blood vessels in the marrow compartment 

and replacement of hematopoietic stem cells with adipose tissue has been observed in more 

severe non-malignant bone marrow failure disorders [4, 26]. Alternatively, the increased 

transfusions required for severe disease may be causal, but through non-immune mediated 

complications that disrupt the bone marrow microenvironment. For example, iron overload 

in sickle cell disease patients receiving chronic RBC transfusion has been noted to correlate 

with the failure to engraft a subsequent HLA-matched bone marrow transplant [27, 28]. 

Each of these interpretations is equally consistent with the observation that increased 

transfusion correlates with increased BMT rejection, and the hypotheses are not mutually 

exclusive. It is thus necessary to examine findings from reductionist systems that can 

separate the variables, in order to assess the individual hypotheses.

Sources of Immunization to mHAs by Transfused Cells

Studying the effect of transfusion on BMT rejection in healthy animals allows an 

experimental exclusion of issues relating to underlying hematological disease of the marrow. 

In addition, the use of animals allows BMT in MHC identical donors and recipients, 
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removing the ambiguity that rejection in HLA “matched” humans may just be due to 

incomplete matching, which is inevitably present with the exception of HLA identical 

siblings. As early as the 1950s and 1960s, it was appreciated that transfusion of blood into a 

healthy experimental animal could predispose to rejection of a subsequent BMT [29-32]. 

However, these studies crossed major MHC barriers. Subsequently, and in a more defined 

fashion, blood transfusion was observed to induce bone marrow transplant rejection in DLA 

identical canines (equivalent to human HLA-identical bone marrow) [33-36]. Parallel to 

clinical observations in humans, the number of transfusions was noted to correlate with a 

significant increase in the frequency of BMT rejection [37]. Because the donors and 

recipients were matched at DLA or MHC loci (canine and murine studies, respectively) but 

genetically mismatched at other polymorphic loci, alloimmunization against mHAs 

expressed on cells contained in an antecedent transfusion have been posited to be 

responsible for rejection.

The majority of blood transfusions in humans consist of fractionated products that are often 

leukoreduced. Work in both canine and murine systems have found that similar to 

transfusion of whole blood, transfusion of leukoreduced RBC units can induce rejection of 

an MHC matched or MHC identical bone marrow transplant [36, 37]. However, the canine 

studies showed significantly decreased rates of rejection using leukoreduced RBCs or 

platelets, suggesting that “only some (and perhaps none) of the non-DLA antigens 

responsible for rejection reside on platelets and red blood cells” [36, 38]. These data 

indicated that either leukocytes were alone responsible and the extent of leukoreduction was 

insufficient, or that non-leukocyte components are capable of inducing rejection, albeit as a 

weaker immunogen.

Residual leukocytes in blood products have traditionally been accepted as the source of 

alloimmunization with regards to anti-HLA alloantibodies, and leukoreduction substantially 

decreases frequency of anti-HLA alloimmunization in humans. However, the incidence of 

transfusion associated BMT rejection in humans is not decreased when leukoreduced blood 

is used compared to nonleukoreduced blood [18, 39]. Consistent with interpretations of 

animal data above, the current observation gives rise to two competing hypotheses: 1) 
leukocytes are the main cellular alloimmunity to mHAs, but residual leukocytes that persist 

after leukoreduction are sufficient to induce alloimmunization that leads to graft rejection, 

and 2) bone marrow transplant rejection is due to the induction of cellular immunity to 

mHAs expressed on non-leukocyte populations (e.g. the RBCs themselves or residual 

platelets). Of course, these hypotheses are not mutually exclusive, and both pathways may 

be playing a role. It is also very important to note that literature relevant to this field has 

evolved over the past several decades, and the efficiency of leukoreduction technologies has 

substantially improved for subsequent studies compared to earlier publications.

Induction of cellular immunity to mHAs on donor leukocytes could occur through either 

direct or indirect pathways, although for the direct pathway to occur and lead to BMT 

rejection, the blood donor would have to share an MHC variant with the recipient and the 

bone marrow donor (and the relevant donor mHA peptides) (see Figure 2). This is not to say 

that an MHC mismatch would not induce cellular immunity, but as an mHA is defined as a 

variant peptide in the same MHC, then there would have to be some MHC match between 
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donor and recipient for an mHA response to occur (although T cells may recognize the same 

peptide/MHC complex with highly similar MHCs). In contrast, immunization by RBCs or 

platelets would presumably occur by the indirect pathway, as neither RBCs nor platelets 

have been observed to function as professional antigen presenting cells (see Figure 2). Of 

note, it has been speculated that in some settings, platelets may have the capacity to function 

as professional antigen presenting cells [40].

The Role of RBCs in Inducing mHA Based BMT Rejection

It is currently unclear to what extent RBCs can themselves serve as a source of 

alloimmunization in transfusion-induced BMT rejection. A series of murine models have 

been engineered to specifically ask this question. In mice, the MHC locus is designated as 

“H-2”. One of the strengths of murine systems is that there are numerous distinct strains of 

mice that have both been bred to homogeneity and have been separate from each other for 

decades (in the case of C57BL/6 mice, for a century). Two such strains are C57BL/6 (B6) 

and BALB/c mice. Each strain has a distinct set of MHC genes; the haplotype defined by the 

set of MHC genes is designated by a superscript. B6 mice carry the H-2b haplotype and 

BALB/c mice carry the H-2d haplotype. These two strains have also been used to generate 

MHC congenic mice at the H-2 locus. BALB.B mice have the identical genetic composition 

as BALB/c mice, except that they carry the B6 MHC haplotype (H-2b). Thus, BALB.B and 

B6 mice are MHC identical but have genome wide variation in other genes, giving rise to a 

large number of amino acid polymorphisms. When peptides containing these 

polymorphisms are presented by MHC I or MHC II they constitute mHA differences 

between BALB.B and B6. Thus, the BALB.B→B6 strain combination can serve as a model 

of MHC identical/mHA mismatched transfusion and BMT (see Figure 3).

It has been reported that transfusion of peripheral blood from BALB.B donors into B6 

recipients, followed by a BALB.B→B6 BMT (under reduced intensity conditioning) leads 

to BMT rejection [37]; in contrast, engraftment is observed in both recipients that are not 

transfused prior to BMT and in control mice that are transfused with syngeneic blood prior 

to BMT. Thus, rejection is not due to a non-specific effect of the transfusion procedure. The 

BALB.B→B6 rejection occurs to the same extent if the RBCs are leukoreduced using 

standard filters routinely used on RBCs, which have a similar degree of leukoreduction on 

mouse RBCs as on human RBCs [37], raising the possibility that leukocytes are not required 

for transfusion induced BMT rejection. Of course, leukoreduction is not leukodepletion, and 

some leukocytes persist. Moreover, platelets are present in the murine RBC units. Hence, 

these data are suggestive but not demonstrative of RBC effects.

To formally test if peptides on RBCs can enter the indirect pathway, be processed and 

presented by recipient APCs, and lead to T cell activation and expansion, two separate 

approaches were used. Model antigens were either chemically crosslinked to wild type 

RBCs or specifically expressed just on RBCs through the generation of a transgenic animal 

with RBC specific gene regulatory elements [37, 41]. Transfusion of either antigen-

crosslinked or transgenic RBCs into wild-type B6 recipients resulted in activation and 

expansion of T cells specific for a peptide from the model RBC antigen presented in the 

MHC of the recipient strain (B6) [37, 41]. These data demonstrate strong evidence that 
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deviations in non-MHC protein sequence on RBCs can serve as an mHA that induces T cell 

activation upon transfusion of the RBCs.

The above data pointed to a system in which RBCs themselves are sufficient to induce BMT 

rejection across mHA barriers. However, in further testing this hypothesis, a surprising 

observation was made; when a model antigen is restricted to RBC expression (in this case a 

transgenic donor), transfusion of the RBCs does not induced BMT rejection when marrow 

expressing the transgene is subsequently transplanted [42]. This is not because the transgene 

on RBCs doesn't enter the immune system, because recipient antigen-specific T cells 

proliferate in response to transfusion of the transgenic RBCs [42]. Nor is the lack of 

rejection due to inability of the transgene to serve as a rejection vector, since immunization 

of wild type mice with a stronger immunogenic vector (Listeria expressing the model 

antigen) does induce BMT rejection [42]. At first consideration, these findings appear to 

justify a rejection of the hypothesis that mHAs on RBCs can induce BMT rejection, and this 

may very well be the case. However, several caveats exist regarding this interpretation. A 

substantial caveat is that there are multiple mHAs that differ between donor and recipient in 

the BALB.B →B6 system; however, the model antigen system limits this difference to just 

the model antigen being studied. Thus, it is possible that rejection in the BALB.B→B6 

system, but not the model RBC antigen system, may simply be an issue of the extent of 

antigenic difference.

An additional consideration is that the lack of RBC induced BMT rejection may be context 

dependent. Because the RBC units were collected under sterile conditions, it was posited 

that the transfused RBC units were not immunogenic. As a result of lacking ‘danger signals’ 

(e.g. microbial particles) capable of activating innate immunity, which is required for the 

activation of optimal adaptive immune responses to a variety of antigens. However, 

engraftment of an MHC-matched bone marrow transplant has been found to occur in RBC 

specific mHA-mismatched transfused recipients despite systemic chronic infection with 

polyomavirus [42]. Although administration of Poly (I:C) (an activator of innate immunity) 

prior to transfusion has been shown to significantly increase humoral alloimmunity to a 

RBC specific mHA [43], it has been demonstrated that Poly (I:C) treatment prior to 

transfusion of RBC specific mHA-mismatched blood does not result in rejection of a 

subsequent BMT sharing the same mHA [42]. Together, these data argue against RBCs as a 

source of mHAs in transfusion induced BMT rejection.

It has also been hypothesized that BMT rejection did not occur in RBC specific mHA-

mismatched transfused recipients not just because the RBCs were not sufficiently 

immunogenic, but because RBCs themselves are tolerogenic. After transfusion of RBCs 

expressing a model mHA, mHA specific CD8+ T cells were not detected in the peripheral 

blood or spleen of transplanted recipients [42]. This could have been due to a low CD8+ T 

cell precursor frequency, as expansion of adoptively transferred antigen specific CD8+ T 

cells were demonstrated to occur in response to transfusion of the RBC specific mHA-

mismatched blood [37, 42]. However, expansion of the CD8+ T cells in response to the RBC 

specific mHA was shown to be short lived and followed by a rapid contraction phase, which 

was found to correlate with a significant enhancement in apoptotic cells [42]. Moreover, 

endogenous CD8+ T cells were never detected despite repeat exposure to mHA expressing 
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RBCs. This was not due to the inability of endogenous CD8+ T cells to activate and expand, 

as infection with a virus expressing the mHA induced a robust response [42].

In aggregate, the data thus far provide substantial support for the notion that transfusion of 

RBC units can induce BMT rejection and that mHAs on the RBCs themselves enter and 

activate the recipient immune system. However, more detailed analysis suggests that mHAs 

on RBCs are not sufficient to induce rejection, and may induce tolerance under some 

conditions. These findings provide the rational basis for hypotheses that focus on 

implicating non-RBC components of RBC units as the source for immunization that leads to 

BMT rejection.

Are Residual Leukocytes in Donor Units Required to Mediate Transfusion Induced BMT 
Rejection?

Outside the scope of RBC antigens, humoral alloresponses to RBC transfusions (prior to 

leukoreduction technologies) included induction of alloantibodies to HLA antigens in 

approximately 8% of transfused patients [44]. Likewise, but more prevalent, non-leukocyte 

reduced platelet transfusions have been reported to result in a frequency of humoral 

immunity to HLA antigens in up to 45 - 70% of transfused patients [45, 46]. Roughly 13 - 

30% of these HLA sensitized patients have been found to have refractoriness to subsequent 

transfusions [45, 46].

Leukocytes and platelets both express HLA antigens. Removal of leukocytes from platelet 

units substantially decreases induction of anti-MHC antibodies in mice, dogs, and humans, 

thus indicating that leukocytes appear to be more immunogenic than platelets [45, 47-49]. It 

is currently unclear if the induction of anti-HLA antibodies by leukoreduced platelet units is 

due to the immunogenicity of the residual leukocytes that escape leukoreduction or due to 

the ability of platelets themselves to induce alloantibodies. There are data to support both 

hypotheses, and data to argue against both hypotheses [47, 50-54]. Thus, at the current time, 

this issue remains a matter of dispute.

T cell mediated immunity to mHAs presented by MHC is not detected by any of the routine 

clinical laboratory assays. Thus, there are essentially no data regarding the frequency with 

which transfused blood induces mHA based alloimmunity at the T cell level. Although the 

frequency with which RBCs, platelets, and leukocytes induce alloantibodies may parallel 

immunization rates to mHAs presented by MHC, there is no reason that such needs to be the 

case.

Using animal models, the role of leukocytes in transfusion induced BMT rejection was 

tested by utilizing a system in which the mHA is restricted to leukocytes. The male antigen 

(H-Y antigen) is an mHA consisting of polymorphisms in the nuclear proteins, Smcy and 

Uty [55]. Mature RBCs and platelets in circulation are anucleated, and thus RBCs and 

platelets likely do not carry the H-Y mHA. It has been reported that transfusion of whole 

blood from male into female B6 mice induces rejection of a subsequent male-to-female 

BMT [37]. Normal engraftment occurs in control mice that are either untransfused or 

transfused with female blood [37]. However, the incidence of rejection was found to be 

significantly diminished when the blood was filter leukoreduced. These findings suggest that 

Patel and Zimring Page 7

Transfus Med Rev. Author manuscript; available in PMC 2015 January 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the extent of leukocyte decrease by filter leukoreduction is sufficient to prevent transfusion-

induced BMT rejection by leukocytes as an immunogen. Taken together with data from the 

BALB.B →B6 system, in which transfusion of blood filter reduced by the same method 

induces BMT rejection, this finding also provides a rational basis to question the concept 

that residual leukocytes in blood units are the sole immunogen responsible for 

alloimmunization in the case of BMT rejection. However, one must consider that the antigen 

barrier in the H-Y system may be substantially lower than in the BALB.B →B6 system, and 

thus residual leukocytes may still be responsible in the BALB.B →B6 model.

Transfusions of Leukoreduced Platelet Units Are Capable of Inducing BMT Rejection

To test the capacity of platelets to cause transfusion induced BMT rejection, a clinically 

modeled platelet transfusion system has been generated using the same BALB.B→B6 model 

system described above. In this case, the donor and recipient are MHC identical, but differ at 

non-MHC loci, resulting in multiple mHAs between strains. Donor murine platelets were 

isolated using differential centrifugation, and collecting platelet rich plasma (PRP) [56]. The 

PRP was then passed over a leukoreduction filter. The final product had no detectable 

leukocytes and only trace numbers of RBCs. Platelets isolated in this fashion show visible 

swirling, aggregate normally in response to collagen, and have a normal post-transfusion 

recovery and survival. Platelets isolated in this fashion potently lead to transfusion induced 

BMT rejection [56], with a degree and kinetics very similar to the BMT rejection observed 

in animals transfused with RBC units [37]. However, this only means that “platelet units” 

induced BMT rejection across mHA barriers. As with RBC units, due to the presence of 

residual leukocytes that may be responsible, one can neither conclude nor exclude that it is 

the platelet itself that is the immunogen.

Efferent and Afferent Pathways of Cellular Immune Responses to Transfused Platelets

Depletion of recipient CD4+ T cells after transfusions but prior to transplantation has been 

reported to prevent transfusion induced BMT rejection across mHA barriers [57]. On the 

contrary, CD4+ T cell depletion after rejection of an initial BMT but prior to rejection of a 

re-transplantation had no effect upon rejection of the second BMT [57]. Thus, CD4+ T cells 

appear to be required for the initiation of the immune response, but are not required as a 

final effector cell. In contrast, depletion of CD8+ T cells at any point (prior to transfusion, 

prior to BMT, or prior to re-transplant) prevents BMT rejection [57]. Moreover, these 

findings suggest that in addition to allogeneic transfusions, transplanted bone marrow is in 

itself an additional immunizing event, which (in the presence of CD4+ helper T cells) 

stimulates the terminal differentiation of primed CD8+ T cells to full effectors capable of 

mediating graft rejection.

In vivo cytolytic T cell assays (CTL assays) showed that in vivo kill correlated with BMT 

rejection and depletion studies [57], leading to the interpretation that CD8+ T cells are a 

necessary effector of BMT rejection. The molecular mechanisms utilized by CD8+ T cells to 

reject the BMT across mHA disparities and mediate clearance of donor targets in vivo has 

yet to be identified, though currently hypothesized mechanisms include Fas-FasL pathways, 

perforingranzyme, and/or toxic cytokine release (e.g. IFN or TNF ).
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The basis for CD4+ T cell requirement early in transfusion-induced BMT rejection is 

unclear. In different rejection systems, CD4+ T cells have been shown to be capable of 

providing T cell help, directly acting as cytolytic effectors, and/or bi-functional activities 

[11, 58-62]. CD4+ T cell help can be acquired through licensing antigen presenting cells, 

direct actions on CD8+ T cells, and/or an indirect effect of background IL-2 production. 

Similar to CD8+ T cell cytolytic mechanisms, cytolytic functions of CD4+ T cells have also 

been hypothesized to occur through Fas-FasL pathways, perforin-granzyme mechanisms, 

and/or toxic cytokine release (e.g. IFN or TNF ).

The data observed thus far for MHC identical/mHA mismatched BMT rejection (in the 

BALB.B →B6 system) elucidate a central role for T cells. In addition, it has been 

demonstrated that antibodies are not required for rejection. In particular: 1) mHA reactive 

antibodies are not detected in transfused recipients prior to BMT or after rejection [56] and 

2) transfusions still induce rejection of an MHC-matched bone marrow transplant in animals 

deficient in B cells (due to a mutation in the μ immunoglobulin chain) [57]. Because the 

mHAs shared between the platelet and bone marrow donors in these studies are unknown, it 

is possible that the current model systems are biased to the induction of cellular alloimmune 

responses and that the mHAs do not represent extracelluar epitopes. Accordingly, there may 

be a role for antibodies in some mHA based rejection in other systems where mHAs also 

induce extracellular antibody epitopes.

Potential Clinical Interventions for Transfusion Induced BMT Rejection

In an attempt to eliminate alloimmunization to blood transfusions, leukocyte reduction 

methodologies have been clinically implemented. Indeed, the incidence of humoral 

immunization to allogeneic HLA antigens and subsequent refractoriness is diminished 

[44-46, 63-66]. However, even with leukoreduction, residual leukocytes remain that may 

have immunizing effects. Alternatively, in the event that mHAs on non-leukocyte 

populations are capable of inducing BMT rejection though indirect antigen processing 

pathways (e.g. platelet mHAs), then it is unlikely that leukocyte reduction will have an 

effect. Resolution of this issue is of critical importance. If residual leukocytes are alone 

responsible for BMT rejection, then all that is required is better leukoreduction technologies. 

In contrast, if non-leukocyte populations can induce BMT rejection, then no manner of 

leukoreduction alone will solve the problem.

One potential approach to inhibit alloimmunization to blood transfusions in general is to 

avoid chronic transfusion. However, this strategy requires the introduction of transplantation 

as a potential cure earlier on in the disease and preceding aggressive transfusion support. As 

the severity of many diseases is unclear at its onset, and because BMT carries risks, this is 

unlikely to be a reasonable approach. Moreover, because many patients lack HLA-identical 

sibling donors and acquisition of donors overall is difficult, it is typically not logistically 

feasible to rapidly transplant with an HLA identical donor.

As an alternative to limiting transfusion, donors and recipients could in theory be matched 

for mHA disparities through genotyping or immunological screening for compatibility. 

Genotyping methodologies are presently available, though are of limited use in this 

particular context, because mHAs that induce BMT rejection are not defined. The number of 
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polymorphic mHAs that may play a role in transfusion-induced BMT rejection are 

unknown, but may be large. As it is currently quite challenging to match transfusion 

recipients even for the well described alloantigens that induce antibody responses, adding 

additional mHAs to the list of “things to be matched” is not likely to be a feasible approach, 

even if the mHAs were identified and tests for their presence developed.

As avoiding exposure to mHAs does not seem feasible, either through limited transfusions 

or mHA matching, alternate approaches must be considered. One such approach is to inhibit 

the onset of alloimmunity through pharmacological immunosuppression. Because any 

increase in risk of disease from pathogens or opportunistic infections would not be 

acceptable in the relevant patient populations; traditional immunosuppressants would not be 

candidates. However, one potential immunomodulatory treatment that has previously been 

demonstrated to be efficient in prolonging solid organ graft survival is the blockade of T cell 

costimulation, which is essential in propagating and augmenting T cell responses [67, 68]. 

There are a number of costimulatory pathways critical to optimizing cellular responses, 

including CD28/B7, CD40/CD40L, OX40/OX40L, LFA-1/ICAM, LFA-3/CD2, ICOS/

ICOSL, 4-1BB/4-1BBL, LIGHT/HVEM, CD27/CD70, and CD30/CD30L. In the absence of 

costimulation but recognition of the mHA:MHC complex, T cells can undergo tolerance 

either in the form of anergy or clonal deletion. Thus, pharmacological approaches to 

negatively regulate cellular immunity have been developed with a focus on blocking 

costimulation.

The CD28/B7 costimulatory pathway is currently known as the most critical for T cell 

activation, differentiation, and clonal expansion [67, 69, 70]. Cytotoxic T lymphocyte 

antigen 4 (CTLA4) is a coinhibitory protein upregulated on activated T cells to dampen 

CD28/B7 costimulation and modulate T cell responses through inhibition of IL-2, cytokine 

production, and impediment in the progression of the cell cycle at G1 to S phase [67, 71]. 

CTLA4 is structurally homologous to CD28 and competitively binds to B7 costimulatory 

ligands; CTLA4 has a higher avidity to the B7 ligands. CTLA4-Ig is a recombinant fusion 

protein that combines the extracellular domain of human CTLA4 with a modified human 

IgG1 (CTLA4-Ig), and has been specifically developed to block the CD28/B7 pathway.

CTLA4-Ig is currently a U.S. Food and Drug Administration (FDA) approved 

pharmacological reagent for treatment of psoriasis, rheumatoid arthritis, and renal 

transplantation [72, 73]. Although not without mild side effects associated with 

immunosuppression, CTLA4-Ig is not known to cause serious problems associated with 

stronger immunosuppressants. Thus, CTLA4-Ig is a potential promising therapeutic target 

for immunomodulation during transplantation and/or transfusions. It has recently been 

demonstrated in a murine model, that a single dose of CTLA4-Ig at the time of an initial 

transfusion prevents rejection of an MHC-matched bone marrow transplant, with the 

inhibition of alloimmunity to mHAs correlating to engraftment [74]. Conversely, if 

alloimmunity to mHAs on transfused platelet units is established prior to BMT, it has been 

shown that CTLA4-Ig at the time of transplantation is not efficient in blocking subsequent 

rejection [74]. These observations are consistent with reports that costimulatory blockade 

resistance can occur as a result of alloreactive T cell memory responses, which in general 

have a lower activation threshold and thus require less costimulation [15, 69]. This very lack 
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of effect upon memory T cells is one explanation for why CTLA4-Ig does not result in 

substantial opportunistic infections. These data argue that administration of CTLA4-Ig at the 

time that transfusion therapy was initiated, would be required.

Conclusions

Currently, BMT is the only effective curative treatment for congenital and acquired non-

malignant bone marrow failure disorders including aplastic anemia, β-thalassemia, sickle 

cell anemia, Fanconi anemia, and others [1-8]. Because neoplasia is absent in these 

syndromes, it is difficult to justify the toxic effects associated with myeloablative stringent 

pre-BMT conditioning regimens that are otherwise utilized in malignant settings. Rather, 

patients with non-malignant bone marrow failures typically receive an HLA-matched (or 

identical) bone marrow transplant under non-myeloablative reduced intensity conditions [3, 

5, 75]. However, under reduced intensity conditions, engraftment of an HLA-matched bone 

marrow transplant is associated with a higher frequency of rejection [1, 18, 76]. Because the 

BMT is matched at HLA loci, this raises the possibility that the vector mediating rejection in 

these patients is immunity to mHAs. Of course, “HLA matched” is not “HLA identical”; 

however, in cases where HLA identical transplantation does occur (e.g. in HLA matched 

human siblings or animal models), then mHAs are the most likely vectors mediating 

rejection.

It is clinically well appreciated that the probability of rejection is related to the number of 

transfusions a patient receives prior to transplantation; the incidence of rejection increases 

with transfusions [17, 19-22]. Although the noted correlation may not be causal, as an 

increase in transfusion support might simply reflect more advanced disease and the resultant 

perturbation of the bone marrow microenvironment [4, 26-28]. In an animal model, 

transfusion of units of leukoreduced RBCs or platelets induces rejection of a bone marrow 

transplant in which the bone marrow shares mHAs with the transfused blood product [36, 

37, 56]. Because these animals lack an underlying bone marrow failure disorder, and thereby 

had no damage to the bone marrow compartment, the most likely explanation for the failure 

to engraft is the antecedent transfusions. The fact that engraftment occurs if T cell are 

depleted in mice, which otherwise reject, is a strong indication of an immune mediated 

rejection. Of course, these studies do not rule out the simultaneous contribution of an 

underlying bone marrow disease in the failure to engraft in humans. Nonetheless, the human 

correlations are consistent with an interpretation that transfusion induces BMT rejection and 

the animal data thus far have demonstrated that transfusion of RBC or platelet units induces 

rejection of an MHC-matched/mHA mismatched bone marrow transplant through induction 

of cellular immunity against donor marrow. Ongoing human and animal trials will be 

required to determine to what extent recipient immunity is responsible for post-transfusion 

rejection of BMT in humans, and if present, what cellular immunogens are responsible (e.g. 

residual leukocytes or other cells or components) and what interventions can be taken to 

mitigate these effects.
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Figure 1. Molecular Nature of mHAs Consisting of Peptide/MHC complexes
(A) Immune Response to Pathogens. Pathogens are consumed by antigen presenting cells, 

proteins from infectious microbes are processed into peptides, and the peptides are presented 

by MHC I and MHC II. T cell receptors from CD4 and CD8 T cells recognize peptide/

MHCII and peptide/MHCI complexes, respectively. (B, C) Molecular Basis of mHA 

alloantigens. Donor polymorphisms (in this case single amino acid changes- indicated by red 

and green boxes) result in variant peptides presented by MHC. The depicted cartoons are not 

intended to indicate that the same peptide is presented by MHC I and MHC II.
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Figure 2. Indirect and Direct Pathways of Antigen Presentation
In the indirect pathway (top) donor antigens are processed and presented by recipient 

antigen presenting cells (APC). In the direct pathway, donor APCs, with their own peptides 

presented on MHC, stimulate recipient T cells.
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Figure 3. Description of the Murine BALB.B→B6 System
BALB.B (donor) blood and bone marrow is transfused and transplanted, respectively, into 

B6 recipients. Both strains have identical MHC (H-2b), but have divergent genetic 

backgrounds. Donors carry a Thy1.1 variant whereas recipients encode Thy1.2; thus, Thy 

alleles are used for flow cytometric based analysis of BMT engraftment.
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