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Abstract: Recently, two pig-to-human kidney transplants and a pig-to-human heart transplant were
completed. The kidney trials involved a patient who was deceased and a patient who was brain dead. They
seemed to indicate that pig kidneys can be at least somewhat functional in humans. However, patients still
have to be under severe immunosuppression - and the first patient to receive a porcine heart passed away after
two months. It is difficult to know exactly which proteins we need to overexpress or underexpress/knockout
in a porcine organ to negate the human recipient’s immunological response to it. And testing different porcine
organ genetic modifications in baboons can cost around $500,000 per transplant. But there might be a way to
decrease immunogenicity where we don’t have to worry so much about modifying the animal’s organs
genetically. First, however, we would have to prevent complement factor-mediated lysis of the porcine
vascular endothelial cells, which we have made much progress on with triple knockout animals. Then, we
could modify the porcine organ so that the cells of said organ secrete a small molecule or peptide that acts as a
chemorepellent for the host immune cells. The host immune cells can be modified via bone marrow transplant
or vector delivery to express the chemorepulsion receptor.
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Introduction

8,000 people die each year in the U.S. alone from organ (especially kidney) shortages [1].
Currently, porcine or baboon organ xenotransplantation into human hosts is limited by issues of
immunogenicity [2,3]. Patients who receive transplants from porcine organs or non-donor matches
have to be on immunosuppression indefinitely and as a result suffer from many side effects such as
much more frequent infections.

While hyper-acute rejection has been successfully reduced via a triple-knockout strategy in
porcine organs, vascular issues and long-term rejection are still problematic [4]. This relates to the
interaction between the host immune system and the vascular endothelial cells (VECs) in porcine
organs, as well as infiltration by adaptive and innate immune cells into the organ over time [5].

The Hypothesis

I hypothesize that a large portion of the host immune inflammatory response to a xenograft
could be curtailed by keeping the host immune cells out of the transplanted organ. You obviously
cannot keep the host immune cells out of circulation, and so they are bound to come in contact with
VECs of the transplanted organ, but you could express proteins like human endomucin [6] on the
surface of these VECs to prevent the attachment of host immune cells and therefore ideally prevent
much inflammation. Perhaps if such proteins are employed, synthetic versions should be designed
that only relate to their attachment properties if possible - i.e., with no other activities that could be
detrimental [7].

To keep the host immune cells out of the transplanted organ parenchyma, one could reprogram
a patient’s hematopoietic stem cells (HSCs), either with the delivery system I mentioned here [§]
targeted to VECs in the “zip codes” of HSC niches or autologous bone marrow transplant [9] with
engineered HSCs (perhaps with longer telomeres to allow for repopulation of leukocytes). One
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would install a chemorepulsion module in the patient’'s immune cells that is sensitive to an
orthogonal small molecule or peptide produced by the porcine organ. The chemorepulsion effect
would be akin to a reversal of the type of system cited here [10]. Of course, you could potentially
simply program the porcine tissue to secrete natural chemorepellants, but the immune system is very
complex, and some immune cell types may actually be attracted by endogenous chemorepellants of
other immune cell types.

Evaluation of the Hypothesis

Binding of human antibodies to porcine cells has been markedly reduced through the knockout
of three antigens: aGal, Neu5GC, and SDa. Further improvements in avoiding immunogenicity can
be achieved by expressing certain human proteins in the porcine cells, like CD47 [11]. However,
antibodies to VEC macromolecules in the lumen of the porcine blood vessels could be a problem over
time. Perhaps there is a way to develop B-cell tolerance to all of the porcine VEC markers. One
possible approach to negate complement cascade and antibody binding issues is to replace the
porcine endothelial cells with human endothelial cells - either embryonically [12] or post-removal of
the organ [13]. Moreover, the porcine VECs could be bioengineered in such a way that endocytosis is
upregulated - and that the vascular endothelial glycocalyx is turned over more frequently. One, more
difficult intervention might be to bioengineer autologous leukocytes to bind and roll along the
porcine VECs, internalizing but not reacting to antibodies on the surface. Another option is to
engineer tolerance against at least the major porcine antigens using BAR Tregs [14]. Circulating
antibodies may negatively affect this approach [13]. If so, the engineered TCRs could be
overexpressed and contain degrons in one or both of the C-chains. Co-culturing recipient Tregs with
porcine-antigen-loaded tolerogenic dendritic cells could also help [15].

Mixed hematopoietic chimerism [16] and thymic grafting [17] are two ways of instilling
tolerance. However, xenogeneic HSCs are eliminated rather quickly by the new host organism, even
when intra-bone injections are administered and the donor HSCs express the host CD47 protein [18]
- although perhaps an initial injection of as well as periodic injections of autologous, porcine-specific
recipient Tregs would help protect them, at least until central tolerance is established [15,19].

For both mixed hematopoietic chimerism and thymic grafting, a patient’s T and B cells should
be ablated. Donor HSCs could repel all immune cells except immature T cells, immature B cells, and
perhaps naive B cells in general - or at least those that matured via interaction with the xenogeneic
HSCs (perhaps marked via SynNotch [20] circuitry). The thymic graft that would then be
transplanted could repel all immune cells except immature T cells, thymocytes, and subsequent naive
T cells. These tactics could allow the HSCs or thymic graft to be safe and effectively instill tolerance.

For the thymic grafting technique, at least for younger patients who still have a very functional
thymus, thymectomy seems to be required [21] - although perhaps not with the chemorepulsion tactic
detailed here. However, repelling naive T cells may interfere with maturation inside the graft. So,
perhaps the thymic graft TEC cells could have a ligand on their surface that activates a SynNotch
pathway in immature T cells and thymocytes - making them immune to subsequent chemorepulsion
throughout and after the maturation process. Or, perhaps a peptide could be secreted by the thymic
graft that in high concentrations starts a clock in immature T cells or thymocytes that prevents
chemorepulsion until the clock runs down, even when they subsequently become naive T cells -
allowing them the time to mature inside the graft before being repelled.

If thymectomy is required despite these and perhaps other interventions, mixed hematopoietic
chimerism would certainly be better - at the very least for younger patients. At the very least, the
thymectomy approach, if necessary, could give younger patients more time to receive a human organ
- and their thymi could potentially be regrown by a minimal scaffold seeded with autologous
fibroblasts - along with FOXN1 overexpression [22].

Notably, if HSC-based chimerism is employed, those cells could also potentially reseed the
vascular endothelium of the transplanted organ when cells are naturally lost or if some form of
damage occurs. (I believe it is still unclear to what extent the vascular endothelium replenishes itself
vs. being seeded by HSCs.)
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Finally, an even more complicated strategy to avoid excessive antibody production against the
xenotransplanted VECs or VEC glyocalyx would be to magnetically draw carrier macrophages [23]
into the thymus - and deliver miniaturized porcine VECs to the thymic cells that replicate up until a
certain copy number, at which point they stop via quorum sensing [24]. Every so often, through
competence circuitry [25], a small number would lyse, releasing antigens to be sampled by the cells
of thymus that instill T-cell tolerance [26]. The miniature porcine VECs may need to replicate in a
vacuole for this strategy to work. It is well known that activated CD4+ helper T cells are generally
required for B-cell activation [27]. This could work for hematopoietic stem cells as well - either
through magnetism, my proposed delivery system, or during a bone marrow transplant - in a sort of
take on mixed hematopoietic chimerism.
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Figure 1. Immune cells are chemorepelled from a transplanted porcine heart, for example.
Neutrophils that would otherwise infiltrate the foreign organ and release neutrophil extracellular
traps (NETs) and damage the tissue would be unable to do so [28]. Along these lines, when
macrophages encounter NETs, they release cytokines and inflammatory markers; NETs appear to
them to be damage-associated molecular patterns. This process would also not occur. Moreover, T-
cells would not get close enough to bind SLA1 or SLA2 on the porcine cells - which would otherwise
trigger cytokine release and target cell death.

If all of a patient’s immune cells are chemorepelled from the porcine organ, CD8+ T-cells will be
unable to bind foreign cells and lyse them. Macrophages and neutrophils will be unable to
phagocytose them and secrete inflammatory cytokines. I believe the benefits of such an approach are
fairly clear.

In order to avoid pathogen infections wherein they have evolved to secrete the small molecule
in question, it would almost certainly be wise to utilize multiple small molecules that only achieve
chemorepulsion when all of them are detected.

Also, while they are using CRISPR to remove porcine retroviruses, they could also potentially
just genetically install a porcine version of DRACO [29] in the porcine organs that are to be
transplanted.
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Conclusion

This approach with xenotransplantation also applies to non-donor matched allogeneic
transplantation if my proposed delivery system can be developed [8]. However, lentivirus-mediated
suppression of HLA antigens in donor organs [30,31] achieved during normothermic ex vivo
perfusion - could work as well. In fact, perhaps only the donor VECs would need to be affected [32].
Moreover, the donor VECs could perhaps be stripped, and recipient VECs cultured ex vivo could be
used to reseed them. DRACO could also be installed in the donor cells simultaneously to help manage
infections given HLA antigen knockout or knockdown.

Finally, if possible, a high-pressure tourniquet-type approach [33] and/or the addition of
histamine [34], papaverine, heparin, or VEGF [35] could increase tissue transduction of the donor
organ ex vivo.
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