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Abstract

Background: Nephrotic syndrome is a common complication of pig-to-baboon kidney
xenotransplantation (KXTx) that adversely affects outcomes. We have reported that upregulation
of CD80 and down-regulation of SMPDL-3b in glomeruli have an important role in the
development of proteinuria following pig-to-baboon KXTx. Recently we found induced
expression of human CD47 (hCD47) on endothelial cells and podocytes isolated from hCD47
transgenic (Tg) swine markedly reduced phagocytosis by baboon and human macrophages. These
observations led us to hypothesize that transplanting hCD47 Tg porcine kKidneys could overcome
the incompatibility of the porcine CD47-baboon SIRPa interspecies ligand-receptor interaction
and prevent the development of proteinuria following KXTx.

Methods: Ten baboons received pig kidneys with vascularized thymic grafts (x7= 8) or intra-bone
bone marrow transplants (7= 2). Baboons were divided into three groups (A, B, and C) based on
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the transgenic expression of hCD47 in GalT-KO pigs. Baboons in Group A received kidney grafts
with expression of hCDA47 restricted to glomerular cells (7= 2). Baboons in Group B received
kidney grafts with high expression of hCD47 on both glomerular and tubular cells of the kidneys
(n=4). Baboons in Group C received kidney grafts with low/no glomerular expression of hCDA47,
and high expression of hCD47 on renal tubular cells (7= 4).

Results: Consistent with this hypothesis, GalT-KO/hCD47 kidney grafts with high expression of
hCD47 on glomerular cells developed minimal proteinuria. However, high hCD47 expression in
all renal cells including renal tubular cells induced an apparent destructive inflammatory response
associated with upregulated thrombospondin-1. This response could be avoided by a short course
of weekly anti-IL6R antibody administration, resulting in prolonged survival without proteinuria
(mean 170.5 days from 47.8 days).

Conclusion: Data showed that transgenic expression of hCD47 on glomerular cells in the
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GalT-KO donor kidneys can prevent xenograft nephropathy, a significant barrier for therapeutic
applications of xenotransplantation. The ability to prevent nephrotic syndrome following KXTx
overcomes a critical barrier for future clinical applications of KXTx.
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1| INTRODUCTION

Xenotransplantation (XTx) could provide a limitless supply of organs that would address
the current worldwide shortage, including life-saving organs for recipients previously unable
to receive a transplant due to allo presensitization.1~3 Induction of tolerance could reduce
the need for the extensive immunosuppression now required to prevent rejection of pig-to-
primate xenografts.*:> Thymic transplantation (Tx) has proven to be a powerful strategy

to induce T cell tolerance across both allogeneic and xenogeneic barriers in pig-to-pig,
pig-to-mouse, pig-to-humanized mouse models.5-10 In the pig-to-pig model, we found that
donor thymic tissue should be transplanted as a vascularized graft, either as a thymokidney
(TK)1! or as a vascularized thymic lobe graft (VTL-Tx).12 The vascularized thymus (VT)
transplantation strategy can induce tolerance across fully allogeneic barriers.#6-8 Qur initial
study of kidney plus VT (K+VT) XTx from a-1,3-galactosyltransferase gene knockout
(GalT-KO) pigs with the administration of an anti-CD40 ligand (CD40L) monoclonal
antibody (mAb) induced donor-specific unresponsiveness and significantly extended
xenograft survival time, from 29 days up to 83 days in baboons.13:14 While our regimen
that included the VT-Tx prevented sensitization of recipient baboons to the xenograft, all
baboon recipients developed proteinuria, occurring as early as postoperative day (POD)

2. Interestingly, renal function was preserved, and the renal histology showed only focal
changes with minimal or absent anti-pig antibody (Ab) deposits by immunofluorescence
and with electron microscopy showing diffuse effacement of podocyte foot processes.1:16
This histologic pattern of “xenograft nephropathy” has a similarity with the clinical entities
of minimal change disease (MCD) and early focal segmental glomerulosclerosis.1>17
Consistent with this type of disease pattern, baboons also developed severe nephrotic
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syndrome with anasarca, ascites, and pleural effusions, as well as infections and thrombosis,
increasing the risk of graft loss, and mortality.

The nephrotic syndrome in our model resembles a steroid-resistant type of MCD, and
mechanistically involves down-regulation of sphingomyelin phosphodiesterase acid-like 3b
(SMPDL-3b) and upregulation of CD80 on pig endothelial cells and podocytes (Figure
$1).16.17 We previously reported that Rituximab (anti-CD20 antibody) binds and stabilizes
porcine podocyte SMPDL-3b16 and delayed the onset of proteinuria in baboons receiving
pig xenograft kidneys.1®> Nevertheless, this effect lasted only 2—3 weeks. Therefore, there is
a need for additional strategies to both prevent and treat xenograft nephropathy if we are to
improve the long-term survival of baboon recipients.

CDA47 is an important ligand that binds SIRPa on macrophages and other immune cells
where it helps maintain the macrophages in a nonactivated state. However, porcine CD47

is not able to induce SIRPa tyrosine phosphorylation in human macrophage-like cell lines
consistent with incompatibility, while soluble human CD47-Fc fusion protein was able to
inhibit the phagocytic activity of human macrophages toward porcine cells.1® Consistent
with this observation, we reported that phagocytosis of porcine ECs by baboon macrophages
was significantly reduced when porcine ECs and podocytes expressed hCD47/hCD55 but
not hCD46/hCD55.19 This observation led us to hypothesize that an incompatibility between
pig CD47 and baboon SIRPa could play a role in initiating the nephrotic syndrome in this
xenograft model.

Here, we report a new treatment strategy that appears effective at preventing proteinuria
and prolonging survival in baboon recipients of porcine kidney grafts co-transplanted with
VTs. We found that porcine kidneys expressing hCD47 on glomeruli developed minimal
proteinuria post-KXTx in baboons. We also found high hCDA47 expression in all renal
cells including renal tubular cells induced anapparent destructive inflammatory response
associated with upregulated thrombospondin-1 (TSP-1).2° This response could be avoided
by a short course of weekly anti-IL6R antibody administration, resulting in prolonged
survival without proteinuria (mean 170.5 days).

2| METHODS
2.1] Animals

2.1.1| Baboons—Papio hamadryaswere purchased from the Mannheimer Foundation
(Home- stead, FL). We used baboons that had less than 30% cytotoxicity of preformed nAb
against GalT-KO pig PBMC (after % killing of negative control was subtracted) at 1:4 ratio
of effector to targets for xenotransplantation in this study. The method of the screening
assays using GalT-KO pig PBMCs is described below. Baboons that were euthanized in

30 days due to early postoperative complications associated with posttransplant technical
failure or acute cytomegalovirus (CMV) infection were excluded.

2.1.2| Pigs—~Pig donors were provided by Accuro Farms, Inc. (Southbridge, MA, USA)
and Revivicor Inc. (Blacksburg, VA, USA).21-24 Details of the use of pigs are described in
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the Groups and immunosuppression sections. All organ donors were porcine CMV (PCMV)
negative.2®

All animal work was conducted in accordance with NIH and USDA guidelines and with
approval from the Columbia University Institutional Animal Care and Use Committee.

3| EXPERIMENTAL GROUPS AND IMMUNOSUPPRESSION

A total of 10 baboons were divided into three groups (Table 1). Eight baboons received
kidneys and vascularized thymic grafts (K+VT) from the same donors,”:14:26 and two
received a kidney 1 month after intra-bone bone marrow transplantation (IBBMTx followed
by delayed KTx).27 Baboons were divided into three groups (A, B, and C) based on

the transgenic expression of hCD47 in GalT-KO pigs (Table 1). Glomerular expression

of hCDA47 was assessed quantitatively by mean fluorescence value (MFV) using ImageJ
software version 1.51k (https://imagej.nih.gov/ij/). All animals, except animals in Group A,
received anti-CD40 mAb instead of anti-CD40L mAh following K+VT XTx. CTLA4-1g

at 10 mg/kg was given once a week as “rescue CTLAA4-1g therapy” after 2+ proteinuria
developed in the first postoperative month.1” Anti-IL6R mAb (ACTEMRA [tocilizumab],
Roche) at 10 mg/kg/day was given weekly from POD 15 in three animals (Two in Group B
and one in Group C). Details are described in supplemental document.

4| SURGERY AND ASSESSMENT OF KIDNEY GRAFTS FOLLOWING
TRANSPLANTATION

All recipients of K+VT grafts were thymectomized 1 week before XTx. Simultaneous
K+VT XTx were performed as previously reported.”14:26:28 Host thymectomy was
performed prior to Tx.14 Central venous lines were placed for drug administration and
blood sampling 1 week prior to Tx. Bilateral native kidney nephrectomies and splenectomy
were performed at the time of Tx. Kidney graft function was assessed daily by sCre levels.
Pathology of excised kidneys and biopsy samples were extensively evaluated using H&E,
PAS, and immunofluorescence for IgM, IgG, and complement (C) deposits. In order to
assess proteinuria daily, urine dipsticks (Multistix, Siemens AG, Munich, Germany) that
qualitatively measures urinary albumin concentration with the following range (1+; 30
mg/dl, 2+; 100 mg/dl, 3+; 500 mg/dl, 4+; > 500 mg/dl) were used. Urine samples were taken
from a 24-hour urine collection container. We minimized the risk of protein contamination
of urine from food or feces by rapid drainage of urine from the cage pan into a urine
collection container.

5] STATISTICS

Statistical analysis was performed by two-sided Student’s #test and Log rank test with EZR
version 1.50),29 which is for R (version 4.0.2). p < 0.05 was considered to be significant.
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6| RESULTS

6.1 | Effects of human CD47 expression in porcine kidney grafts following K+VT Tx in

baboons

6.1.1| Variable hCD47 expression in kidneys of hCD47 Tg pigs—Baboons were
divided into three groups (A, B, and C) based on the transgenic expression of hCD47

in GalT-KO pigs. Although multiple passages of the transgene through the germline was
reported to stabilize the expression of the transgene,22 animals used in this study were

all recently derived by nuclear transfer, and the transgene expression may not yet have
stabilized. Details of the Tg and KO production have been published.21~24 Table 1 shows
glomerular and tubular hCD47 expression patterns of the donor kidneys, type of induction
therapy, duration of survival, the cause of euthanasia, and the sCre levels at the endpoint of
each baboon recipients in Groups A-C.

Baboons (12P86 and 14P9) in Group A received kidney grafts with expression of hCD47
restricted to glomerular cells with weak expression on endothelial cells and without tubular
expression of hCD47. Baboon 12P86 received a kidney with high glomerular expression

of hCDA47 with peritubular capillary hCD47 expression (MFV of 22.3 for glomerular
structures, Figure 1A-a), while the other baboon 14P9 received a kidney with low
glomerular expression of hCD47 (MFV 14.2, Figure 1A-b). The MFV of a GalT-KO kidney
as the control was 6.7 (Figure 1A—c).

Baboons in Group B received kidney grafts with high expression of hCD47 on both
glomerular and tubular cells of the kidney (Figure 1B—a, b, and c). Figure 1B—b shows
hCDA47 expression on glomerular capillaries by double immunofluorescence (hCD47-green
and CD31-red). Figure 1B—c shows hCD47 is expressed on the glomerular podocytes
(hCD47—green and Nephrin, podocyte marker—red). Baboons in Group C received kidney
grafts with low/no glomerular expression of hCD47 (red arrows in Figure 1B—d), and high
expression of hCD47 on renal tubular cells (green in Figure 1B—d). Figure 1C showed
representative findings of hCDA47 (green), Nephrin (red), and merged images of naive
baboon kidneys showing high expression hCDA47 in the podocytes of the glomerular cells
with minimal expression on renal tubular cells.

In order to assess glomerular expression of hCD47 was also assessed semi-quantitatively
using tmageJ software version 1.51k (https://imagej.nih.gov/ij/), paraffin-embedded samples
containing at least 10 glomeruli were obtained from contra-lateral kidneys of donors in
Groups B and C. Unfortunately, no samples were available to restain renal graft tissue
with FITC from baboons in Group A. Scoring of high versus low hCD47 expression
shown in Table 1 correlated with the results of quantitative data of MFV assessed using
Image J version 1.51k (Figure 1D). Average MFV of glomerular hCD47 was 34.86 +

6.89 in those with high glomerular expression (Group B) whereas it was 14.36 + 4.40

in kidneys considered to have a low glomerular expression (Group C) (Figure 1D-1). No
statistical difference in isotype staining was found (MFV 9.09 + 1.27 vs. 5.36 + 2.33. p>
0.05). MFVs of hCD47 after isotype-subtraction between hCD47 low and high groups also
reached statistical differences (5.27 £ 5.04 vs. 29.50 + 6.61. p< 0.05) (Figure 1D-2). One
sample, each from 2415 (Group B) and 13P79 donor (Group C), was excluded from this
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analysis because of high background isotype staining (MFV > average+2SD) due to sample
degradation (long-term storage in formalin).

6.1.2| High expression of hCD47 on renal glomerular cells in pig kidney
grafts prevents the development of proteinuria in baboon recipients—Baboon
12P86 in Group A and all baboon recipients in Group B received kidney grafts with high
expression of hCD47 on glomerular cells (Figure 1A—a, 1B-a, b, and c). These baboons
maintained proteinuria of less than 1+ throughout the experimental period except for two
baboons (1615 and 14P66), which developed 2+ proteinuria in their last two days (Table 1).
None of these recipients received prophylactic CTLA4-Ig. In contrast, a baboon recipient
(14P9) in Group A that received a kidney graft with weak expression of hCD47 (Figure
1A-Db) on the glomerular cells developed proteinuria at POD 47 and was euthanized due to
pleural effusions and respiratory distress at POD 68. Similarly, all baboons in Group C that
obtained kidneys with “low or no expression of hCD47 on the glomerular cells” and “high
hCDA47 expression on the renal tubular cells” (Figure 1B—d) also developed 2+ proteinuria
by POD 21. Although CTLA4-1g rescue therapy was partially effective to reverse proteinuria
to 1+ in two animals, they were euthanized at POD 41, 70, and 80. One recipient (13P60)
had its graft excised on POD 42 for studies unrelated to this project.

6.1.3| High expression of hCDA47 in renal tubular cells in kidney grafts and
porcine passenger thymocytes of VT grafts led to harmful effects associated
with TSP-1 up-regulation—Baboons in Group B received K+VT grafts with ubiquitous
and profuse expression hCD47 on al/kidney cells, including renal tubular cells (Figure
1B-b) and thymocytes of VTL grafts. In our initial experiments with two baboons (1615
and 2415), we observed a limited survival of POD 50 and POD 53, respectively, similar to
the historic controls (47.75 + 8.84 days).1517 Although neither of these baboons developed
2+ proteinuria during the first seven weeks (Figure 2A-1, 2), both baboons developed
significant face and limb edema starting in the second week. These animals were euthanized
on POD 50 and 53 because of the respiratory difficulty that developed with tracheal edema.
Unlike other groups, the excised kidney graft of baboon 1615 had interstitial cell infiltrates
and glomerular changes, despite the relatively low sCre (2.0 mg/dl) and proteinuria 1+ at
POD 50 (Figure 2A-1, B). The other animal (2415), however, had mild cell infiltration
(Figure 2C).

While CD47 binds to the SIRPa receptor and blocks its activation, CD47 also binds to
TSP-1 (CD47-TSP-1 pathway),18:20 which inhibits nitric oxide signaling in vascular cells
and activates the innate immune response.30 We, therefore, examined whether the expression
of TSP-1 was upregulated in Group B baboon recipients that received kidney grafts with
profuse and abundant expression of hCDA47 across different cell types of the kidney. While
no TSP-1 positive cells were observed in either naive GalT-KO pig (without hCD47 Tg) or
baboon kidneys, TSP-1 was weakly expressed fn the media of blood vessels of pig kidneys
with an abundant and profuse expression of hCD47 among different cell types of the kidney
(Figure 2D). The upregulation of TSP-1 in the excised kidney grafts was clearly seen in both
baboons, 2415 and 1615) of Group B (Figure 2E—a, and b), while no upregulation of TSP-1
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was observed in the kidney grafts in baboons that received anti-IL6R ab (Figure 2E—c, d, and

e).

The hCDA47 expression on thymocytes of the VT grafts was highly positive in Group B.
Potential pig thymic emigrants from the VT grafts may have contributed to the high pig
CD3+ T cell macrochimerism (>10%) observed in the first five days following K+VT Tx
(Figure 2F). Subsequently, the sera from these animals showed increased levels of IL-6
between POD 15, 20 and 25, and reaching >2000 pg/ml in baboon recipient 1615 (Figure
2G). The increase in IL-6 concentration in both baboons coincided with significant facial
and tracheal edema without proteinuria.

6.1.4| Treatment with Anti-IL6R Ab prevented the detrimental effects of
widespread hCD47 expression in kidneys and VT grafts and permitted long-
term survival—Based on results in the first two animals in Group B, we administered
anti-IL6R Ab from POD 15 once weekly and added low-dose steroids at 2 mg/kg in the
first two weeks and then at 1 mg/kg until POD 60 to the baboon recipients in next two
animals, 14P18 and 14P66, in Group B. Low-dose steroid was administered to decrease
porcine thymocytes.3! Baboon 14P18 received anti-IL6R Ab throughout the experimental
period; however, baboon 14P66 received only five doses until POD 42. Strikingly, both
recipients suffered no complications from edema and survived for 154 and 187 days,
respectively (Table 1). Both had no proteinuria except at the end point (Figure S2, Orange
line). sCre levels were mostly stable except one had ureteral stent obstruction around POD
120 (Figure 3A-1). sCre decreased but was gradually increased thereafter due to graft
growth induced compartment syndrome in baboon 14P18. Histology of the excised kidney
graft had interstitial edema but no endothelialitis nor tubulitis was observed (Figure 3B-a,
and b). The other (14P66) baboon had stable renal function with low sCre levels throughout
the experimental period (Figure 3A-2). Unfortunately, this animal also was euthanized due
to SVC syndrome from a large mass associated with MMF Intravenous infusion (Figure
3C-a). There was no rejection of kidney grafts grossly and histologically (Figure 3C-b, c,
and d). These animals had lower % of donor CD3T cells chimerism (thymic emigrants) than
animals in Group B (Figure 3D). Both baboons had only small increases in IL-6 in their
sera following K+VT XTx (Figure 3E). Neither of the baboons in this group showed TSP-1
upregulation (Figure 2E—c, and d). We also used this anti-IL6R Ab with low dose steroid
treatment in animal 14P65 that received K+VT Tx in Group C. The kidney graft had low
expression of hCD47 on glomerular cells, and the animal developed proteinuria that required
for the CTLA4-Ig therapy. Anti-IL6R Ab therapy appeared to be effective to minimize
development of facial edema, and no TSP upregulation was seen in the graft (Figure 2E—
e). However, this anti-IL6R Ab and steroid therapy did not prevent the development of
proteinuria, and the baboon was euthanized at POD 80 due to CMV colitis, suggesting the
combined CTLA4-Ig, anti-IL6R Ab and steroid therapy in baboon with 2+ proteinuria is
toxic.

6.1.5| Glomerular SIRPa is downregulated in kidney grafts from baboons
that developed proteinuria—We next examined the expression of SIRPa in glomeruli
of naive pig glomeruli and pig kidney grafts in baboons. SIRPa expression was observed
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in podocytes from naive pig kidneys (Figure 3F—a, b, and d) and pig kidney grafts from
long-term acceptors (14P18, 14P66) in Group B (Figure 3G—a, and b). In contrast, no SIRPa
expression was detected in podocytes from pig kidney grafts in baboons that developed >

2+ proteinuria (13P60, 13P79, 14P56) in Group C (Figure 3G-c, d, and e). Interestingly,

pig kidney grafts with preserved podocyte SIRPa expression had high hCD47 on glomerular
cells whereas baboons with podocyte SIRPa loss had low hCD47 expression on glomerular
cells.

6.2 | Statistical analysis of xenograft survival related to nephrotic syndrome

We compared groups that developed nephrotic syndrome (Nephrotic syndrome group; n
=5,) with non-nephrotic syndrome baboons (Non-nephrotic syndrome; 7= 3), excluding
Group B that were euthanized at PODs 50 and 53 due to hCD47-TSP-1 associated tracheal
edema. The average survival = SD was 60.2 + 17.67 days and 156.33 + 29.57 days,
respectively. There was a statistically significant difference (p= 0.0136). Of note, all

of animals in non-nephrotic syndrome received kidney grafts in which glomerular cells
expressed hCDA47 highly, while all in nephrotic syndrome animals had either no or low
hCDA47 expression in glomeruli (Table 1, Figure S2).

7| DISCUSSION

Nephrotic syndrome remains a major complication of pig-to-baboon KXTx. However, the
pathogenesis of proteinuria in this model is not completely understood. In this study,

we provided evidence to support that species incompatibility involving the SIRPa-CD47
pathway is responsible for the development of proteinuria following pig-to-baboon KXTx.
Specifically, we showed that high expression of hCD47 on glomerular cells in GalT-KO

pig kidney grafts prevented the development of proteinuria. In contrast, GalT-KO pig
kidney grafts with low glomerular hCD47 expression exhibited significant proteinuria along
with podocyte SIRPa loss. Therefore, disruption of the CD47-SIRPa pathway may impair
podocyte integrity.

The mechanism by which high hCD47 expression may prevent proteinuria could relate

to blocking SIRPa activation on circulating baboon monocyte-macrophage activation in
response to hCDA47 expression on porcine glomerular endothelial cells. By blocking the
activation of the circulating inflammatory cells, it could potentially block the release of
factors that could activate both glomerular endothelial cells and podocytes that could

lead to podocyte shape change and proteinuria.32-33 In the absence of human CD47

in the glomerulus, the activation of the porcine glomerular endothelium due to CD47
incompatibility could lead to activation of glomerular endothelial cells and podocytes

by CD80 expression which has been observed in both MCD34 and xenograft-associated
nephrotic syndrome.17 In turn, endothelial cell activation could lead to release of mediators,
including miRNA.35 that could theoretically activate podocytes and contribute to podocyte
SIRPa loss36 leading to shape change and the development of proteinuria.3” In this scenario,
the loss of SIRPa on the podocytes in proteinuric baboons could be a secondary phenomena
to endothelial activation. It is also possible that the CD47 may preserve podocyte SIRPa
activation, and this is important in prevention of proteinuria. Further studies will be needed
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to sort this out. While it is possible that other additional transgenes (EPCR, HLA-E, TFPI,
thrombomodulin [TBM], and CMAH- and/or B4-KO) present in the kidney grafts of the
Group B and C Baboons (Table 1) could have had protective role, the current data and

our observations from the previous study?2 suggests additional transgenes (EPCR, HLA-E,
TFPI, TBM, and CMAH- and/or B4-KO) that were used in our studies may not necessarily
have additional advantages inhibiting proteinuria or preventing xenograft rejection. In order
to confirm it, the expression of proteins by these genetic modifications needs to be carefully
assessed.

While the CD47-SIRPa interaction appears to reduce phagocytosis'8-19 and prevent the
development of proteinuria, the CD47-TSP-1 Interaction in the baboon may be associated
with both systemic and intra-graft inflammatory changes.2%:38:39 Recent reports have
demonstrated that CD47 mAb blockade decreases ischemic reperfusion injury of DCD
kidney grafts in allogeneic rat and swine model transplants.%41 Using mouse allogeneic
heart Tx models, a significant prolongation of WT allografts has been reported recently

in recipient mice treated with antibodies against the CD47 ligand TSP-1 or with TSP-1
deficiency.*? These findings suggest that TSP-1-CDA47 signaling may stimulate vascularized
allograft rejection. In this study, two baboons (1615, 2415) in Group B that received K+VT
grafts with an abundant and profuse expression of hCD47 expression on different cell types
of kidneys developed systemic subcutaneous and tracheal edema, pleural effusion or ascites.
We speculate that the systemic edema observed in Group B might have been triggered by
graft versus host reaction (GVHR) in peripheral lymphoid tissue when pig thymic emigrants
from pig hCD47+ VT graft started migrating into the peripheral blood/ lymph nodes during
or after T cell chimerism. It remains unclear whether TSP-1 in blood vessels (Figure 2E)
was upregulated by inflammatory responses related to a systemic GVHR or whether the
intra-renal graft local inflammatory response was secondary to a direct interaction of TSP
with high expression of CD47 in the tubulointerstitial compartment. The hCD47 expression
in the grafts of the high expression group showed markedly higher and diffuse expression of
hCDA47 as compared to kidneys in naive baboons (Figure 2D). This interaction of TSP and
CDA47 has been shown to induce activation of T cells and innate responses®? in the grafts
following transplantation. We plan to examine these mechanisms in the future using an /n
vitro culture system with isolated renal and vascular cells.

Uncontrolled graft growth witnessed in the present and earlierl’4344 studies of kidney XTx
in our pig-to-baboon models and the Munich group’s orthotopic heart XTx model*® was

not reported in the pig-to-cynomolgus macaque’s K-XTx model, suggesting that xenogeneic
species incompatibility may also be involved in this difference. Histology of the excised
kidney grafts in baboons that were euthanized due to “graft growth” (indicated in Table 1)
showed interstitial edema without tubulitis, vasculitis, or endothelialitis (consistent with a
Page Kidney). We are currently studying the mechanisms of organ growth in our model.

Nephrotic syndrome has been a major complication of pig-to-baboon xenotransplantation
and leads to shortened survival due to the development of anasarca, thrombosis, and
infections. We demonstrate here that transgenic expression of hCD47 on glomerular cells
in GalT-KO donor kidneys can prevent xenograft nephropathy. Our studies suggest that
the inhibition of baboon macrophage activation to pig endothelial cells via the CD47-
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SIRPa pathway prevents the development of proteinuria. However, while the exogenous
expression of hCD47 in glomeruli appeared to prevent proteinuria by overcoming the
species incompatibility of the CD47-SIRPa pathway, hCD47 also appeared to be able to
initiate an innate immune response by the CD47-TSP-1 pathway when it was expressed in
tubules. The expression of human CD47 in tubules appeared to induce a TSP-1 mediated
inflammatory response that could be managed by anti-IL6R Ab treatment in the induction
period. It may be tempting to argue that the additional transgenes and/or deletion of

the antigens could have contributed to the best survival of the recipient baboons in this
study. Our observations from this study in Group B and C that included GalT-KO pigs

with a variety of human transgenes, including EPCR, HLA-E, TFPI, and TBM offered

no additional advantage over GalT-KO/hCDA47 transgenic pigs for preventing xenograft
proteinuria. Although the range of survival days is not wide in each group in this study, the
number of cases in each group is small due to limitation of available pig donors. Our further
studies with additional animals will provide firm conclusion about the role of effects of other
transgene in preventing proteinuria. The identification of effective methods for preventing
nephrotic syndrome following kidney xenotransplantation may remove one more barrier in
our kidney xenotransplant project for patients suffering from end-stage kidney failure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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nAb natural antibody

PBMC peripheral blood mononuclear cells

POD postoperative day

sCre serum creatinine

SIRPa signal-regulatory protein alpha

SMPDL-3b sphingomyelin phosphodiesterase acid-like 3b

Tg transgenic

Tri-KO triple knockout

TSP-1 thrombospondin-1

XTx xenotransplantation

K+VT kidney plus vascularized thymus

VT Vascularized thymus

VTL vascularized thymic lobe
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FIGURE 1.
Glomerular and/or Tubular hCD47 expression pattern in hCD47Tg GalT-KO kidneys in

Groups A, B and C. (A) Immunofluorescence staining of hCD47 (red) in hCD47Tg
GalT-KO kidneys in Group A. (a) High hCD47 expression on glomeruli and peritubular
capillaries (red) of Baboon # 12P86’s donor kidney, (b) Weak expression of hCD47 only

in glomeruli (red) of Baboon # 14P9’s donor kidney (c) hCD47 expression in a GalT-KO
pig kidney as the control. Bar: 50 4/m. (B) Immunofluorescence staining of hCD47 (green)
in GalT-KO/hCD47 kidneys in Groups B and C. (a) hCD47 expression was high in both
tubular and glomerular cells of # 2415’s (Group B). Donor kidney, (b) Double staining of
hCDA47 (green) and CD31 (red) in # 2415’s (Group B) donor kidney, (c) Double staining

of hCDA47 (green) and Nephrin (red) (contra lateral kidney from the # 2415’s). (d) hCD47
expression was high in renal tubular cells with weak/no hCDA47 expression on glomerular
cells (red arrow) (# 13P60’s donor kidney. Group C). (C) hCD47 (green), Nephrin (red), and
merged images of naive baboon kidneys showing high expression hCD47 in the podocytes
of the glomerular cells with a feeble expression on renal tubular cells. Bar: 50 ¢z m. (D)
Quantitative analysis of hCD47 in glomeruli of donor kidneys. D1: Average + SD of MFVs
of isotype controls and hCD47 in glomeruli (n= 3, each). D2: MFVs of isotype controls
were subtracted from MFVs of hCD47. The dots in the figure D1 and D2 indicate each
value. The two-sided Student’s #test was used
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FIGURE 2.

(A) sCr (orange lines) and urine protein (blue dots) of baboons following K+VT XTx

in Group B (A-1: #1615, A-2: #2415). Proteinuria did not exceed 2+ except for the last

two days in baboon #1615. (B) Excised graft kidney of #1615 showing interstitial cell
infiltrates and glomerular changes (PAS, Bar: 500 um). (C) Excised graft kidney of #2415
showing less interstitial cell infiltrates (PAS, Bar: 200m. (D) hCD47 and TSP-1 expression
under untreated normal condition in GalT-KO/hCDA47 pig kidney (top left: hCD47 staining;
top right: TSP-1 staining), GalT-KO without hCD47 Tg pig kidney (middle left: hCD47
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staining; middle right: TSP-1 staining) and naive baboon kidney (bottom left: hCD47
staining; bottom right; TSP-1 staining). TSP-1 was weakly positive in GalT-KO/hCD47
high pig kidney (Top right), while others did not show TSP+ cells. Bar: 50 gm. top right
250 um. (E) TSP-1 expression in excised kidney graft tissue; a #2415 and b #1615 in Group
B Without anti-IL6R Ab treatment (Bar: 250 pm), ¢ #14P66 and d #14P18 in Group B

with anti-IL6R ab treatment, and e; #14P65 in Group C with anti-IL6R Ab treatment. (Bar:
504m). In Group B without anti-IL6R Ab treatment, both excised graft kidneys of #2415
and #1615 had upregulation of TSP-1 (a and b), while no TSP-1 upregulation was observed
in kidney grafts of 14P66, 14P18, and 14P65 that were treated with anti-IL6R Ab. (F) The
percentage of peripheral blood macrochimerism (pig CD3 positive T cells) of #1615 (gray
line) and #2415 (yellow line) in Group B following K-VT XTx. (G) IL-6 concentration
assessed by ELISA in the sera of Group B baboons (left: #1615, right; #2415). Both baboons
had a high IL-6 concentration between POD 15 and 25

Xenotransplantation. Author manuscript; available in PMC 2022 May 01.
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FIGURE 3.
(A) sCre (orange lines) and urine protein (blue dots) of baboons following K+VT XTx in

Group B with anti-IL6R Ab treatment (A-1: #14P18, A-2: #14P66). Both baboons survived
over five months. Baboon #14P66 developed 2+ proteinuria only in the last two days

(A-2). (B) Excised graft kidney of #14P18 on POD 154 (B-a: H&E and B-b PAS, low
magnification, bar: 500 gm). (C) Photo of MMF crystallization in #14P66 SVC (C-a). Photo
Of #14P66’s excised graft kidney (C-b). The color of the excised graft kidney was grossly
normal. Excised graft kidney on POD 187 of #14P66 (C-c: PAS, high magnification, Bar:
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1004m. C-d: HE, low magnification, Bar: 500 m. No histologic evidence of rejection.

(D) Percentage of peripheral blood macrochimerism (pig CD3 positive T cells) of #14P66
(orange line. Group B) and #14P18 (gray line, Group B) and #14P65 (blue line, Group C)
following K-VTXTx. The macrochimerism of baboons in these baboons was lower than that
1615 and 2415 (F). (E) IL-6 concentration in sera of Group B (left: #14P18, right: #14P66).
Either baboon showed no elevation of IL6 concentration. (F) SIRPa expression (green) in

a naive pig kidney (a) and isolated podoeytes (d). (b) A merged image of SIRPa (green)
and Nephrin (red) expression in the naive pig kidney, (¢) Nephrin expression on isolated pig
podoeytes. (c) and (f) negative controls. Bar: 50um. (G) SIRPa expression in pig kidney
grafts from long-term acceptors, 14P18 (a) and 14P66 (b) in Group B and from baboons
13P60 (c), 13P79 (d), and 14P56 (e) in Group C that developed > 2+ proteinuria, (f-j) are
negative controls. Bar: 50um
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