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Abstract

We investigated the contributions of direct and indirect T cell antigen recognition pathways to the
immune response to porcine antigens in naive baboons and baboon recipients of pig xenografts. In
naive baboons, /n vitro culture of peripheral blood T cells with intact pig cells (direct
xenorecognition pathway) or pig cell sonicates and baboon antigen-presenting cells (indirect
xenorecognition pathway) induced the activation and expansion of xenoreactive T cells producing
proinflammatory cytokines, IL-2 and yIFN. Primary indirect xenoresponses were mediated by pre-
existing memory T cells, whose presence is not typically observed in primary alloresponses. Next,
baboons were conditioned with a non-myeloablative regimen prior to short-term
immunosuppression and transplantation of xenogeneic peripheral blood progenitor cells and a
kidney or heart or pancreatic islets from a miniature swine. All transplants were rejected acutely
within 30 days after their placement. Post-transplantation, we observed an inhibition of the direct
xenoresponse, but a significant expansion of indirectly activated pro-inflammatory T cells. These
results suggest that additional treatment to suppress indirect T cell immunity in primates may be
required to achieve tolerance of pig xenografts through hematopoietic chimerism.

Introduction

The current shortage of deceased human organs available for transplantation precludes
treatment of many patients who would benefit from a transplant. This stresses the need for
strategies to accomplish transplantation of xenogeneic organs, tissues and cells. Based upon
breeding characteristics as well as physiological and size features, miniature swine have
been chosen as a potential source of organs for humans (1, 2). However, experimental
models using nonhuman primates as recipients of swine tissues have revealed the post-
transplant development of vigorous and immediate immune responses mediated by natural
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antibodies directed against carbohydrates and proteins of the donor endothelium (1, 2).
Concomitant activation of the complement cascade is associated with destruction of the
endothelium, tissue injury, inflammation and activation of other components of pro-
inflammatory innate and adaptive immunity. These responses lead to hyperacute rejection of
xenografts associated with coagulopathy, destruction of the organ endothelium and rapid
loss of graft function. Actually, uncontrolled activation of coagulation cascades can leads to
a Disseminated Intravascular Coagulation (DIC) in the entire host (3).

Swine expressing human complement pathway regulatory proteins (hCPRPs) (4) or lacking
the al,3-galactosyltransferase gene (GalT-KO) (5) have been genetically engineered. These
modifications have significantly extended the survival of pig xenografts in non-human
primates from a few days to several weeks. Nevertheless, in the presence of conventional
immunosuppression, these xenotransplants succumb to a combination of acute cellular and
humoral rejection referred to as “delayed xenograft rejection” which displays some features
of acute cellular rejection of fully allogeneic transplants (6, 7). These findings suggest that
immune-based strategies, including mixed hematopoietic chimerism (8) and costimulation
blockade (9), which can achieve T and B cell immune tolerance in allotransplantation, may
be effective at further extending the survival of such genetically-modified xenografts.

Primary /n vitro xenospecific responses by T helper cells of equal or even greater magnitude
as compared to alloresponses have been reported (10-12). Yamada et al. have documented
both direct and indirect alloresponses by CD4* T cells in a human anti-porcine primary
mixed lymphocyte reaction (MLR) model (13). In addition, studies by Markmann suggest
the key role of indirect antigen recognition in the immune response of rat T cells to MHC-
deficient mouse xenografts (14). Therefore, both direct and indirect antigen presentation
pathways are involved in the development of T cell xenoresponses. Consequently, evaluation
of the contributions of each of these pathways to rejection of xenografts is required for the
design of tolerance protocols in xenotransplantation.

In this study, we used an ELISPOT assay to detect and quantify direct and indirect T cell
xenoresponses in naive baboons and baboon recipients of porcine peripheral blood
progenitor cells combined with pancreatic islets or a heart or kidney transplant. In naive
baboons, the direct xenoresponse was low in comparison to that commonly observed in
allogeneic mixed lymphocyte reactions, while substantial frequencies of activated T cells
recognizing xenoantigens in an indirect fashion were detected. In transplanted baboons
treated with our chimerism protocol, the direct xenoresponse was abrogated while
significant numbers of pro-inflammatory T cells reacting to xenoantigens indirectly were
still detected. The implications of these findings for the design of immune therapies in
xenotransplantation are discussed.

Materials and Methods

Animals

Baboons (Papio anubis, n=6) of both sexes, of known ABO blood group and of body weight
10-14 kg (Biological Resources, Houston, TX), were used as recipients. Massachusetts
General Hospital (MGH) miniature swine inbred for the major histocompatibility complex
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(MHC) (n=3), of blood group O, and of cc or dd swine leukocyte antigen (SLA) haplotype,
2-4 months old, 18-40 kg of body weight (bred in our animal facility) served as donors of
peripheral blood progenitor cells (PBPCs), islets or kidneys. Care of animals was in
accordance with the Guide for the Care and Use of Laboratory Animals prepared by the
National Academy of Sciences and published by the National Institutes of Health. Protocols
were approved by the MGH Subcommittee on Research Animal Care.

Mobilization and collection of leukocytes (PBPCs) from pigs, conditioning and pig PBPC
injections and islet and organ transplantation in baboons

These procedures have all been described in detail previously (15, 16). Briefly, Mobilization
and collection of porcine leukocytes (peripheral blood progenitor cells, PBPCs) was carried
out by treating pigs with recombinant hematopoietic growth factors (porcine I1L-3 at 100
microg/kg/d s.c. (BioTransplant, Inc. Charlestown, MA); and porcine stem cell factor at 100
microg/kg/d s.c. (BioTransplant, Inc) daily from days 0 to 22, and human granulocyte
colony stimulating factor at 10 microg/kg/d s.c. (Amgen, Thousand Oaks, CA) from days 5
to 22. Leukapheresis was performed on various days between days 3 to 23 using a Cobe
Spectra apheresis machine (Cobe, Lakewood, CO). After collection, the pig PBPCs were
washed and after red blood lysis, were frozen with 5% DMSO. The total number of PBPCs
administered to each baboon was 3 x1010 cells/kg. Pig pancreatic islets were prepared as
previously described (15, 16) and 14,000 islet equivalents/kg were infused into a colic
venous tributary of the portal vein of the recipient baboon on day 0, and some aliquots were
injected subcutaneously for subsequent biopsies. At the same time, one baboon received a
combination of porcine PBPCs and pancreatic islets; the two other baboons received PBPCs
along with a kidney or heart xenotransplant, as reported elsewhere (15, 16) (Fig. 1).

Measurement of xenoresponses by ELISPOT

ELISPOT plates (Polyfiltronics, Whatman, PA) were coated with the following antibodies:
anti-human yIFN, clone MD1 (Biosource International, Camarillo, CA) (4 ug/ml), anti-1L-2
mADbs (4 ug/ml, clone 5334.21, R&D Systems, Minneapolis, MN), anti-IL-4 mAbs (clone
8D4-8, Pharmingen, San Diego, CA) (5 ug/ml) and anti-IL-5 mAbs (5 ug/ml, clone
TRFK-5, Pharmingen). After washing twice with sterile PBS, the plates were blocked for 2
h with sterile PBS containing 1% bovine serum albumin (BSA) and washed 3 times with
sterile PBS. PBMCs (0.6x10°) in 200 ul of RPMI medium containing 10% fetal calf serum
(FCS) were placed in each well with 0.6x108 irradiated swine PBMCs (direct alloresponse)
or swine sonicates (indirect alloresponse). For T memory cell ELISPOT assays, naive and
memory T cells (TMEM) were FACS-sorted using CD45RA and CD62L markers (Naive:
CD45RA*CD62LNYN TMEM: CD45RA~CD62L*") and cultured (5x10° cells/well) for 48
h with irradiated self-antigen presenting cells (APCs) and pig sonicates. Next, the cells were
cultured for 24 h (IL-2) or 48 h (IL-4, IL-5, yIFN at 37° C in 5% CO,. After washing, the
following biotinylated anti-lymphokine detection antibodies were added for 4-5 h: anti-
human yIFN (4 ug/ml, 51-1890KZ, Pharmingen), anti-IL-2 (3 pg/ml, BAF 202, R&D
Systems), anti-I1L-4 (2 pg/ml, 51-1850KZ, Pharmingen), and anti-1L-5 (2 ug/ml, 51—
1852KZ, Pharmingen) mAbs. To assess binding of biotinylated antibodies, streptavidin-
horseradish peroxidase (1:2000 in PBS 0.025% Tween for 1.5 h at room temperature, \Vector,
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Burlingame, CA) was used. The plates were developed and the resulting spots were counted
on a computer-assisted ELISPOT image analyzer (Cellular Technology, Cleveland, OH).

Preparation of sonicates

Stimulator PBMCs were suspended at 3 x 107 cells/ml in AIM-V containing 0.5 % FCS, and
sonicated with 10 pulses of 1 second each. The resulting suspension was frozen in a dry ice/

ethanol bath, thawed at room temperature and centrifuged at 300g for 10 minutes to remove

remaining intact cells.

Results

Xenograft survival

Pig PBPCs were injected between days 0 to 2 (3 x1010 cells/kg) and no pig cells were
detected in the peripheral blood by flow cytometry after day 6 (15). Following islet
transplantation, a subcutaneous biopsy performed on day 14 showed some residual cells that
stained for insulin, but none on day 28. The site of implantation was infiltrated with CD86*
cells, indicating the presence of macrophages associated with rejection (16). The pig kidney
removed on day 11 exhibited histological signs of humoral rejection (16). The anti-Gal
antibody response showed a return to base line for 1IgG and IgM within 30 days post-
transplantation. However, after cessation of all immunosuppressive therapy, including anti-
CD154 mADb, a 4-fold increase of IgG over baseline was observed, as reported previously
@an.

Direct and indirect xenoresponses in naive monkeys

Significant numbers of cells secreting proinflammatory cytokines were detected following /n
vitro exposure of peripheral blood T cells from naive baboons to intact pig APCs (direct
alloreactivity). This response was primarily mediated by T cells secreting IL-2 (mostly
CD4* T cells) while a few T cells producing yIFN (mostly CD8* T cells) were also detected
(Figure 2A). No xenoreactive T cells producing type 2 cytokines (IL-4 and IL-5) were
detected (Figure 2A). The presence of such primary direct xenoresponse /n vitro indicates
that baboon T cells can recognize intact porcine MHC molecules in a manner similar to that
regularly observed in a classical allogeneic mixed lymphocyte reaction (18, 19). No T cell
response was observed in the absence of xenogeneic APCs.

High frequencies of IL-2- and yIFN-producing cells were detected among T cells from naive
baboons cultured in the presence of autologous APCs and pig sonicates (Fig. 2A) (indirect
alloreactivity). Unlike its direct counterpart, this type of response was dominated by T cells
producing yIFN. This shows that naive baboons that have apparently never been exposed to
pig cells can mount a pro-inflammatory indirect xenoresponse. Such primary /in vitro
indirect reactivity is not typically observed in naive laboratory mice and naive monkeys
exposed to allogeneic sonicates or peptides (18, 19). This feature is presumably due to a lack
of alloreactive memory T cells (TMEM) recognizing allo-MHC determinants indirectly prior
to transplantation.

Am J Transplant. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buhler et al.

Page 5

Our xeno-MLR results suggested that naive baboons display TMEM capable of recognizing
swine antigens through the indirect pathway. To test this, we sorted naive T cells and TMEM
from the PBMCs of two naive baboons using CD45RA and CD62L markers (Naive:
CD45RA*CD62LMIN TMEM: CD45RA-CD62L*/"). Next, each T cell subset was tested
for its ability to secrete yIFN following incubation with irradiated self-APCs and sonicates
derived from three different swine, prepared as previously described (18). We detected
significant numbers of TMEM activated through indirect xenorecognition while no
responses were observed with naive T cells (Figure 3) or with TMEM cultured with control
self-sonicates (data not shown). Therefore, naive baboons displayed significant frequencies
of TMEM recognizing swine antigens indirectly prior to any xenotransplantation.

Indirect but not direct xenoresponses in baboons with pig grafts

Next, we investigated the direct and indirect xenoreactive T cell responses in baboons with
xenografts. Baboon PBMCs were collected 50-60 days after placement of a porcine kidney,
heart or pancreatic islets and conditioning, PBPC injections, immunosuppression and
costimulation blockade using anti-CD40L monoclonal antibodies (Fig. 1). We observed an
abrogation of the pro-inflammatory direct xenoresponse (Figure 2B). In contrast, a marked
expansion of T cells activated indirectly and producing IL-2 and yIFN cytokines was
recorded (Figure 2B). Of note, the frequencies of T cells mounting indirect xenoresponses
(>1000 cells/million T cells) were much higher than those regularly observed in rodents and
large animals receiving an allogeneic skin graft or a vascularized solid organ allotransplant
(18, 20).

Discussion

Potent direct and indirect xenoresponses to pig antigens were observed in naive baboons.
This result confirms previous observations with mouse and primate T cells stimulated /n
vitro with swine APCs or autologous APCs and processed forms of swine antigens (10, 13,
21). Our study shows that the baboons’ primary indirect xenoresponses against pig antigens
were mediated essentially by memory T cells. This differs from indirect T cell alloreactivity,
which is not regularly observed in naive animals (18, 19). This difference may be due to the
multitude of xenoantigens but not alloantigens that can potentially serve as a source of
determinants for indirect responsiveness. Consequently, in naive monkeys, such pre-existing
xenoreactive TMEM (capable of indirect recognition) may be generated through exposure of
naive T cells to microbial antigens containing determinants mimicking xenodeterminants i.e.
in a fashion similar to that observed with direct alloreactivity (heterelogous immunity) (22—
25).

Post-transplantation, while no direct xenoresponses were detectable (Figure 2), we observed
a significant expansion of activated pro-inflammatory T cells responding to xenoantigen
determinants in an indirect fashion. The absence of direct xenoresponse by T cells probably
results from immunosuppression by calcineurin inhibitors and anti-CD40L mAbs. In
addition, this may be associated with the rapid loss of donor bone marrow-derived passenger
leukocytes, which represent the main source of “professional APCs” for presentation of
intact xeno-MHC antigens to recipient T cells. On the other hand, indirect xenoresponses
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may be perpetuated by the continuous presence of recipients’ professional APCs processing
and presenting xenopeptides bound to host MHC molecules. It is noteworthy that previous
studies by Sawyer et al have shown that T cells activated through indirect allorecognition are
resistant to calcineurin inhibitor treatment (26). Recently, we have observed that anti-CD40L
mAbs (MR1) fail to suppress efficiently indirect alloresponses in mice (27). Altogether, this
suggests that maintenance of indirect T cell xenoreactivity could be due partly to T cell
resistance to calcineurin inhibitors and anti-CD40L mAb-mediated costimulation blockade.

The high level and persistence of indirect xenoreactivity observed in transplanted baboons
may also reflect the vigorous nature of innate immune responses triggered by
xenotransplantation. Actually, both CD47-SIRPalpha and Toll-like receptor pathways have
been shown to mediate activation of macrophages by xenoantigens in the absence of T cells
(28). It has been reported that macrophages can phagocytose xenogeneic red blood cells
(RBCs) without any T cell help; a process depending on expression of species-specific
CDA47 on RBCs (28). Likewise, O’Connell’s group have shown that Toll-like receptors are
highly activated on macrophages during xenograft, but not allograft, rejection, although
MyD88-deficient mice were still able to reject islet xenografts (29). Therefore, it is
conceivable that potent innate immune responses resulting from xenotransplantation may
promote indirect xenoresponses by T cells by enhancing and perpetuating antigen uptake,
processing and presentation by recipient macrophages and other APCs. This implies that
targeting the innate immune response by gene therapy, such as the generation of human
CDA47 transgenic pigs, might represent a useful strategy to attenuate indirect xenoreactivity
by T cells.

In summary, our study shows that direct xenoreactivity by T cells could be successfully
harnessed by therapy aimed towards the induction of mixed hematopoietic chimerism
combined with costimulation blockade and conventional immunosuppression. In contrast,
these treatments failed to suppress indirect T cell responses to swine antigens processed and
presented by recipient APCs. This suggests that successful prevention of acute cellular
rejection in pig-to-primate xenotransplantation is likely to require treatments suppressing
indirect xenoresponses by T cells.
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Figure 1. Conditioning and combined bone marrow/organ transplantation
Pre-transplantation of pig islets or kidney (day 0), all baboons were splenectomized (Spix),

and went through extracorporeal immunoadsorption (EIA). In addition, they underwent
whole body irradiation (WBI, 2 x 150 Gy) and thymic irrdiation (700 cGy) and were treated
with cyclophosphamide (CP), thymoglobulin (ATG), cobra venom factor (CVF),
mycophenolate mofetil (MMF) and cyclosporin A (CyA). The monkeys were infused thrice
with pig peripheral blood progenitor cells (PBPCs), starting at the time of kidney or islet
transplantation. Finally, two days after transplantation, the monkeys were treated with
porcine 1L-3, anti-CD154 mAbs and porcine stem cell factor (pSCF). All treatments were
ceased 28 days after kidneyl/islet transplantation.
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Figure 2. Direct and indirect xenoresponses of baboon PBMCs
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Peripheral blood mononuclear cells (PBMCs) from naive (Panel A) and transplanted (Panel
B) baboons were isolated and cultured /in7 vitro with intact xenogeneic pig irradiated PBMCs
(direct xenoresponse, grey bars) or sonicates from pig PBMCs (indirect xenoresponse, black
bars). Baboon PBMCs cultured with medium only were used as controls (white bars). The
frequencies of PBMCs producing type 1 cytokines (yIFN- and IL-2) or type 2 cytokines
(IL-4 and IL-5) were determined by ELISPOT. The results are expressed as numbers of
cytokine-producing cells per million PBMCs. The results are representative of three baboons

tested individually.
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Figure 3. Indirect T cell responses of memory T cells from naive baboons
Memory T cells (TMEMSs) from naive baboons were sorted by FACS using CD45RA and

CD62L markers. The frequencies of yIFN-producing memory T cells recognizing pig
xenoantigens in an indirect fashion were determined by ELISPOT. The results are expressed
as numbers of cytokine-producing cells per million TMEMs.
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