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Abstract
Purpose of review—This review assesses the recent progress in xenograft rejection by innate
immune responses, with a focus on innate cellular xenoreactivity.

Recent findings—Current literature was reviewed for new insights into the role of innate
cellular immunity in xenograft rejection. Increasing evidence confirms that vigorous innate
immune cell activation is accounted for by a combination of xenoantigen recognition by activating
receptors, and incompatibility in inhibitory receptor-ligand interactions. Although both innate
humoral and cellular xenoimmune responses are predominantly elicited by preformed and induced
xenoreactive antibodies in nonhuman primates following porcine xenotransplantation, innate
immune cells can also be activated by xenografts in the absence of antibodies. The latter antibody-
independent response will likely persist in recipients even when adaptive xenoimmune responses
are suppressed. In addition to xenograft rejection by recipient innate immune cells, phagocytic
cells within liver xenografts are also deleterious to recipients by causing thrombocytopenia.

Summary—Strategies of overcoming innate immune responses are required for successful
clinical xenotransplantation. In addition to developing better immunosuppressive and tolerance
induction protocols, endeavors towards further genetic modifications of porcine source animals are
ultimately important for successful clinical xenotransplantation.
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Introduction
Transplants across discordant species barriers are subject to vigorous immunologic rejection,
which poses a major hurdle to successful xenotransplantation. Due to extensive molecular
incompatibilities between the donor and host, innate immune responses play a much greater
role in the rejection of xenografts than in allograft rejection [1]. The innate immune response
is also involved in the rejection of α1,3-galactosyltransferase gene-knockout (GalT-KO)
porcine organ xenografts [2]. The innate immune system is composed mainly of phagocytic
cells (monocytes/macrophages and neutrophils), natural killer (NK) cells, cells producing
inflammatory mediators (basophils, eosinophils, and mast cells), and complement proteins.
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Innate immune cell activation is triggered by the recognition of pathogen-associated
molecular patterns (PAMPs), and is downregulated by the recognition of ‘self’ molecules. In
xenotransplantation, species differences in glycosylation patterns and in receptor-ligand
intersections could result in recognition of the graft by host innate immune cells, and in
failure to downregulate the activation of such cells. There are examples of both phenomena
in the xenotransplantation literature. This review summarizes the most recent insights into
the role of innate immune cells in xenotransplantation.

NK cell xenoreactivity
On balance, many xenogeneic NK-cell–target-cell interactions appear to be activating
interactions rather than inhibitory ones, resulting in higher levels of reactivity. Previous
studies have shown that human NK cells can be activated via recognition of porcine
glycosylphosphatidylinositol-anchored proteins and carbohydrate epitopes [3;4], and by
insufficient self-MHC-mediated inhibitory signals due to the extensive disparity in MHC
molecules [5;6]. Thus, it is likely that a combination of approaches, to block activating
receptor signals and enhance inhibitory receptor signaling, is required for suppressing NK
xenoreactivity. There is emerging evidence indicating that, although expression of human
HLA class I molecules on porcine cells could mediate protection against human NK
cytotoxicity, this approach has not been able to completely protect porcine cells from lysis
by polyclonal human NK cells [7;8]. A recent study tested a broad array of NK receptors
including NKp46, 2B4, CD49d, CD48, CD2, and NKG2D, and found that only CD2 and
NKG2D were involved in both cytotoxicity and cytokine production against porcine targets
[9]. Simultaneous blocking of CD2 and NKG2D significantly suppressed xenogeneic NK
cell responses. Furthermore, addition of an extracellular signal-regulated kinase (ERK)
inhibitor further reduced NK cell xenoresponses, implicating an important role for ERK in
NK xenoreactivity [9]. Considering the fact that NK cells are comprised of heterogeneous
cell populations that express different panels of activating and inhibitory receptors, optimal
protection would likely require simultaneously targeting multiple receptors.

Human anti-pig NK cell xenoreactivity has thus far only been evaluated by in vitro assays.
A recent study provided detailed analysis of baboon NK cells [10]. NK cells in baboons are
IL-2 responsive and exhibit a CD3−NKp46+CD8dimCD16+/− or CD3−CD8dimCD16bright

phenotype. These results will help to more precisely identify NK cells in baboons, and to
better use baboons as a preclinical model for studying the role of NK cells in porcine
xenograft rejection.

CD47 incompatibility and macrophage xenoresponses
Macrophages mediate robust rejection of donor hematopoietic cells in highly disparate
xenogeneic settings [11;12], and such powerful xenoreactivity results from the combined
effect of xenogeneic receptors in activating macrophages [13;14], and ineffective inhibitory
receptor signaling (e.g., CD47-SIRPα signaling; see discussion below) [15;16]. CD47 is a
pentaspan membrane glycoprotein expressed ubiquitously in all tissues [17]. Previous
studies have shown that CD47 serves as a ‘marker of self’ for macrophages, and that its
interaction with the inhibitory receptor, SIRPα (signal regulatory protein α), on macrophages
prevents engulfment of autologous hematopoietic cells [18–20]. The lack of interaction
between donor CD47 and recipient SIRPα was found to induce rapid rejection of xenogeneic
hematopoietic cells [15;16], which poses a strong barrier to tolerance induction via bone
marrow chimerism that has been successfully applied to small and large allogeneic models
[1].

However, recent studies indicate that the CD47-SIRPα pathway may play a different role in
controlling macrophage responses to non-hematopoietic tissues or cells. When fetal thymus
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from CD47-deficient mice was transplanted into syngeneic CD47-competent mice, CD47-
deficient thymic epithelial cells survived and supported thymopoiesis and T cell
development, while CD47-deficient thymocytes within the graft were rejected [21]. Lack of
CD47 expression also did not result in rejection of skin (Figure 1) or heart (Wang Y and
Yang YG, unpublished data) grafts in syngeneic mice. These results suggest that CD47 as a
‘marker of self’ for macrophages may not apply to all types of cells, and non-hematopoietic
cells may not need CD47 to prevent phagocytosis by macrophages. Alternatively, long-term
survival of CD47-deficient grafts in these studies could be due to a less important role of
CD47 in controlling macrophage activation in organ grafts. In the latter case, CD47
expression may still play an important role in controlling macrophage activation after non-
hematopoietic cellular xenotransplantation.

Hepatocyte xenotransplantation is considered a potential therapy for liver diseases.
Hepatocyte transplantation obviates the need to remove the native liver, and to a certain
degree, the latter might offset incompatibilities in liver-produced proteins between pigs and
humans. We have recently assessed the role of CD47 expression in a mouse model of
hepatocyte transplantation. Intrasplenic transplantation of CD47-deficient, but not CD47-
expressing, hepatocytes led to rapid activation and recruitment of monocytes/macrophages,
which was associated with poor graft survival [22]. These results provide the first evidence
that lack of CD47 expression on non-hematopoietic cells may also induce macrophage
activation, implicating the potential contribution of CD47 incompatibility in macrophage-
mediated rejection of xenogeneic hepatocytes. Since innate immune activation plays a
crucial role in priming of adaptive immune responses [23;24], activation of innate immune
cells following CD47-deficient cell transplants may also augment the subsequent T cell
response to donor antigens. In support of this possibility, injection of CD47-deficient cells
was found to stimulate recipient dendritic cell (DC) activation and promote anti-donor T cell
alloresponses [25].

Although previous attempts at clinical islet xenotransplantation were unsuccessful [26],
encouraging results in preclinical diabetic models [27;28] and in humans [29] suggest that
pancreatic islet xenotransplantation from pigs has potential to be the first successful clinical
application of xenotransplantation (reviewed in [30]). A recent study showed that CD47
interspecies incompatibility contributes to xenogeneic insulinoma rejection by macrophages,
in which transgenic expression of mouse CD47 improved rat insulinoma cell survival in T
and B cell-deficient mice [31]. This study suggests that the inability of porcine CD47 to
functionally interact with human SIRPα may present an additional barrier to porcine islet
xenotransplantation in humans.

Taken together, these studies indicate that the lack of cross-species inhibitory interaction in
the CD47-SIRPα pathway largely accounts for the vigorous rejection of cellular xenografts
by triggering macrophage and DC activation. Since chronic depletion of recipient
macrophages is not clinically practical, researchers are currently seeking to develop
transgenic pigs expressing human CD47. A recent report showed that codominant
expression of human CD47 gene in the α1,3GalT locus does not appear to have deleterious
effects on fetal development, suggesting the feasibility of developing α1,3GalT KO pigs
with transgenic expression of human CD47 [32].

Macrophages in the rejection of xenogeneic red blood cells
Blood transfusion from animals has been considered a potential solution to severe shortage
of red blood cells (RBCs) for clinical transfusion [33;34]. Although some advantages for
using bovine over porcine RBCs were previously reported [33], the latter species will likely
offer a greater chance for clinical use considering the continuous efforts in making
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genetically manipulated or humanized pigs [35–37]. Besides sharing many similarities with
human RBCs, porcine RBCs are considered less immunogenic than other cells due to the
lack of MHC antigens, and free of risk for transmission of porcine endogenous retroviruses
due to the lack of nuclei [34]. However, it should be emphasized that RBCs are much more
vulnerable than other types of grafts to destruction by immune attack. Porcine RBCs are
subject to immediate rejection after transfusion into non-human primates and only limited
progress has been made in understanding the cause of rejection. Most early studies have
been focused on antibody-mediated destruction/rejection of xenogeneic RBCs, which
involve complement-mediated cytotoxicity and antibody-dependent cellular cytotoxicity
(ADCC). A recent study showed that RBCs from α1,3GalT KO pigs are significantly less
susceptible than those from wild-type pigs to antibody-dependent complement-mediated
cytotoxicity and ADCC by human macrophages [38], indicating that α1,3Gal is an important
antigen causing destruction of porcine RBCs. However, depletion of α1,3Gal is not enough
to overcome rejection, and α1,3GalT KO porcine RBCs were still rapidly and vigorously
rejected after infusion into baboons [39]. The ability of human macrophages to phagocytose
porcine RBCs in the absence of anti-pig antibodies was controversial in previous studies
[38;40]. A recent study indicated that efficient phagocytosis of porcine RBCs by human
macrophages was only detected in the presence of anti-pig antibodies [38], while human
macrophages were found in an earlier report to spontaneously phagocytose porcine RBCs
via an antibody-/complement-independent mechanism [40]. However, further studies are
needed to determine the contribution of antibody-dependent versus -independent
mechanisms to porcine RBC rejection in xenogeneic recipients. Although it has been
impossible to directly assess the human innate immune response to porcine RBCs in vivo,
some insights were provided by studies in other species combinations.

Recent studies using immunodeficient mice demonstrated rapid rejection of xenogeneic
human RBCs by recipient macrophages in the absence of xenoreactive antibodies [41].
Human RBCs survived in macrophage-depleted, but were rapidly rejected in control, T and
B cell-deficient NOD/SCID mice. Although CD47-SIRPα incompatibility has been shown
to induce vigorous phagocytosis of RBCs [18], this pathway is unlikely to contribute to the
rejection of human RBCs observed in NOD/SCID mice, as human CD47 has been shown to
cross-react with NOD mouse SIRPα [42]. This possibility was further supported by the
observation that NOD/SCID mice rejected human RBCs more rapidly than CD47-deficient
mouse RBCs [41]. These studies indicate that xenogeneic RBCs may also activate
macrophages via mechanisms other than failed CD47-SIRPα interactions. Thus,
macrophages pose a strong barrier to the use of xenogeneic RBCs for blood transfusions in
humans.

Thrombocytopenia after liver xenotransplantation: a role of donor
phagocytic cells

Liver is a major metabolic organ, and produces the majority of blood proteins, including
enzymes, complement and coagulate proteins. While short-term porcine liver perfusion
studies have documented the ability of a pig liver to restore coagulation and clear
ammonium from human plasma [43;44], the question remains as to whether porcine liver
can fully restore human liver function in the long term. Nonetheless, it has been suggested
that porcine liver xenotransplantation or extra-corporeal porcine liver perfusion might most
appropriately be evaluated as a bridge to allotransplantation in patients suffering from acute,
fulminant hepatic failure, for whom an allogeneic donor is not available [45]. However,
extra-corporeal porcine liver perfusion has been shown to cause thrombocytopenia in
patients with hepatic failure [43]. A recent study demonstrated that, although hyperacute
rejection, which was observed after wild-type porcine liver transplantation, was prevented,
rapid and profound thrombocytopenia developed in baboons receiving orthotopic liver
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xenotransplantation from α1,3GalT KO/human CD46-transgenic pigs [46]. The failure of
recipient splenectomy performed before liver graft reperfusion to attenuate
thrombocytopenia raised the possibility that the liver xenograft was directly responsible for
platelet loss [46]. Liver endothelial cells have been shown to not only directly phagocytose
cells [47], but to also potentiate the phagocytic activity of macrophages [48;49]. Ex vivo
porcine liver perfusion studies showed that liver sinusoidal endothelial cells (LSECs) and
Kupffer cells are responsible for the loss of human platelets [50]. Freshly isolated LSEC-
enriched cells showed strong phagocytic activity against human platelets, and blocking pig
Fc receptors failed to inhibit phagocytosis [50]. The lack of contribution of antibody
opsonization to phagocytosis of human platelets in this in vitro assay was presumably due to
the absence or low levels of anti-human platelet xenoantibodies in the system, as antibody
opsonization has been shown to strongly enhance phagocytosis in various settings.
Nonetheless, these results indicate that LSECs and Kupffer cells may recognize xenogeneic
platelets in the absence of opsonization. Previous studies have shown that lack of CD47-
SIRPα signaling can lead to phagocytosis of hematopoietic cells and platelets [51]. In a
recent report, porcine LSECs and Kupffer cells were found to express SIRPα that does not
interact with human CD47, and transgenic expression of human SIRPα on porcine LSECs
was capable of suppressing their phagocytic activity against human platelets [52]. These
results indicate that transgenic expression of human SIRPα on porcine phagocytic cells may
attenuate thrombocytopenia after liver xenotransplantation.

Fc receptor-independent phagocytosis of xenogeneic platelets was also seen in T and B cell-
deficient mice on the NOD background (Hu Z and Yang YG, Unpublished data). Since
human CD47 is capable of cross interacting with NOD mouse SIRPα [42], phagocytosis of
human platelets by mouse macrophages in these mice indicated that phagocytosis of
xenogeneic platelets can be induced in the absence of antibody opsonization by mechanisms
other than failed CD47-SIRPα interaction. Recent studies showed that the asialoglycoprotein
receptor (ASGR) [53] and CD18 [54] on porcine LSECs may lead to binding and
phagocytosis of human platelets.

Conclusions
Due to the extensive molecular incompatibilities between the donor and host, innate cellular
immune responses play a much greater role in the rejection of xenografts than in allograft
rejection. Activated innate immune cells destroy xenografts not only by direct cytotoxicity,
but also by augmenting subsequent T cell xenoresponses. Xenograft rejection by cells of the
innate immune system involves multiple effector mechanisms, which cannot be prevented
by a single approach. Our increased understanding of the mechanisms underlying
xenoantigen recognition by innate immune cells has helped identify molecules to target for
genetic manipulation in donor pigs to suppress innate xenoimmune responses. For example,
transgenic expressions of HLA molecules and human CD47 were used to suppress xenograft
rejection by NK cells and macrophages, respectively. It is expected that porcine source
animals with multiple genetic manipulations will be needed for clinical xenotransplantation.

Key points

• Further in vivo studies in nonhuman primates is required for better
understanding the role of NK cells in rejection of porcine cellular and organ
xenografts.

• Lack of cross-species interaction in the CD47-SIRPα inhibitory pathway
triggers rejection of both hematopoietic and non-hematopoietic cellular
xenografts by macrophages, but its role in organ xenograft rejection remains to
be defined.
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• Intragraft Kupffer cells and sinusoidal endothelial cells play an important role in
the development of rapid and profound thrombocytopenia in nonhuman
primates after porcine liver transplantation or extra-corporeal porcine liver
perfusion; overcoming this problem is crucial for clinical liver
xenotransplantation.
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Figure 1. CD47-deficient skin grafts survived long-term with no sign of rejection at histology in
syngeneic CD47-competent mice
Wild-type (WT) B6 mice were grafted with CD47 KO and WT (control) B6 skin. Shown are
representative histological sections (H&E) of skin grafts at weeks 2 and 10 post-
transplantation.
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