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SUMMARY

We have previously reported that co-transplantation of the kidney with
vascularized donor thymus from a-1,3-galactosyltransferase gene knockout
pigs with an anti-CD154 with rituximab-based regimen led to improved
xenograft survival in baboons with donor-specific unresponsiveness. How-
ever, nephrotic syndrome emerged as a complication in which the glomer-
uli showed mild mesangial expansion with similarities to minimal change
disease (MCD) in humans. Since MCD is associated with CD80 expression
in glomeruli and elevated urinary excretion, we evaluated a potential role
for CD80 in xenograft nephropathy. Study 1 confirmed high urinary CD80
excretion in nephrotic animals with renal xenografts showing CD80 expres-
sion in glomeruli. In Study 2, baboons receiving xenografts received
CTLA4-Ig once a week from the second postoperative week or no CTLA4-
Ig. The non-CTLA4-Ig group developed severe proteinuria with modest
mesangial expansion with high urinary excretion of CD80 and documented
CD80 expression in glomerular podocytes. All of the recipients in non-
CTLA4-Ig groups had to be euthanized before POD 60. In contrast,
CTLA4-Ig group showed a marked reduction in proteinuria and survived
significantly longer, up to 193 days. These results demonstrate that anti-
CD80 targeted therapy represents a promising strategy for reduction of
proteinuria following renal xeno-transplantation with improved survival.
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Introduction

The recent use of a-1,3-galactosyltransferase knockout

(GalT-KO) pigs as donors for xeno-transplantation has

led to a significant reduction in hyperacute rejection

and has provided a promising solution to the problem

of organ shortage [1–4]. Beyond hyperacute rejection, a

major challenge has been a robust T cell-mediated

immune response against the xenograft. We have previ-

ously reported that a strong direct pathway of porcine

antigen recognition by human T cells is present [5],

suggesting a requirement for higher immunosuppression

to inhibit pig-to-primate xeno-transplantation. In order

to inhibit anti-pig T cell responses specifically, we devel-

oped a strategy of co-transplantation of porcine thymus

as a composite vascularized graft with the donor kidney,

a so called thymokidney (TK) graft [6]. Our initial

attempt at co-transplantation of vascularized thymus

and kidney from GalT-KO pigs to baboons resulted in

stable serum creatinine for up to 83 days with no evi-

dence of sensitization in vitro assays [3].

Although adequate control of xenogeneic cellular and

humoral mediated rejection was achieved, a majority of

the recipients developed nephrotic-range proteinuria as

early as postoperative day (POD) 2, despite demonstrat-

ing minimal histologic changes in the glomeruli (i.e.,

primarily mild-to-moderate mesangial expansion) and

evidence of normal renal function [7,8]. Indeed, the

nephrotic syndrome in the baboons clinically and histo-

logically resembled minimal change disease (MCD)

[9,10], including the increased risk for bacterial infec-

tions and thrombosis [11]. Indeed, thrombosis and

infection are frequent complications observed in xeno-

transplantation, and while multiple causes are likely,

this also provides an additional rationale to identify the

etiologic mechanism(s) driving the nephrotic response.

We have recently reported that rituximab, when

administered in the perioperative period, protects sph-

ingomyelin phosphodiesterase acid-like 3B (SMPDL-

3b)/sphingomyelinase activity on porcine podocytes,

which in turn delays the development of proteinuria

[8]. However, since this effect lasts only 2–3 weeks,

additional strategies are required to ensure a long-last-

ing resolution.

As mentioned, the nephrotic syndrome in xenografts

resembles MCD, and a similar type of nephrotic syn-

drome can also occur following allogeneic transplanta-

tion of bone marrow, stem cells, or kidneys [12,13]. In

many patients, it is associated with chronic graft-versus-

host disease [13,14]. Recently, we reported that urinary

levels of CD80 were extremely high in a patient who

developed a minimal change-like nephrotic syndrome

following allogeneic stem cell transplantation [14].

While CD80 is normally expressed by antigen-present-

ing cells, it has also been reported to be expressed by

activated podocytes that may also have the capability of

being antigen-presenting cells [15,16]. Moreover, we

have found high levels of CD80 in the urine of children

with MCD, and we also reported that CD80 is expressed

in glomerular podocytes in renal biopsies [17,18]. These

results led us to hypothesize that the nephrotic syn-

drome occurring in pig-to-baboon transplantation may

involve a similar mechanism. Furthermore, CTLA4 is

known to bind CD80 and inhibit activation of the

CD80-expressing cell [19]. Thus, we also tested whether

the administration of CTLA4-Ig might help reduce pro-

teinuria in baboons with xenograft nephropathy.

Materials and methods

Study groups

Experiments were divided into two study groups. A

total of ten baboon recipients of porcine GalT-KO kid-

neys were enrolled in these two studies (Table 1), of

which nine received TK [3,7] and one received a kidney

transplant with combined bone marrow transplantation.

Donors were MGH-Gal-TKO pigs without additional

gene modification [1,3].

Study 1

In order to test our hypothesis that xenograft nephropa-

thy is similar to MCD, we first determined whether

CD80 excretion increased in the urine after GalT-KO

kidney transplantation in baboons. We used saved urine

and kidney biopsy samples from three recipients of

GalT-KO kidneys that had been transplanted previously

and had died within 30 days because of either ischemic

heart failure or baboon CMV (bCMV) (details in

Results). All had low total protein in their serum

(<4.5 g/dl) despite albumin supplementation intra-

venously, because of massive proteinuria. The three ani-

mals (B289, B314, and B324) received slightly different

regimens, with B289 and B314 receiving composite TKs

[3,7] and B324 receiving a kidney with combined bone

marrow transplantation [20]. All received treatments

that included anti-thymocyte globulin (ATG, 20 mg/kg

on day �2 and 10 mg/kg on day �1) and rituximab

preoperatively in order to deplete T and B cells tran-

siently during the induction period, followed by

anti-CD154 mAb (20 mg/kg on day 2, 5, and 7, then
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15 mg/kg, 3 times/week) and MMF (continuous infusion

of 110 mg/kg/day) (anti-CD154 Ab regimen) [7]. In

addition, B314 and B324 received rituximab (10 mg/kg)

at day 0 in order to prevent development of proteinuria

(anti-CD154 mAb/rituximab-based regimen) [8].

Study 2

Since results in Study 1 suggested upregulation of CD80

on podocytes in the short-term follow-up, we next studied

the effects of multiple doses of CTLA4-Ig treatment on the

development of proteinuria in the porcine TK Tx model.

Seven animals received TKs in this study. Four baboon

recipients of TKs (B341, B358, B363, B366) received the

CD154 mAb/rituximab-based regimen [8] (non-CTLA4-Ig

group). Three baboons (B393, B394, 14P5) received a

weekly belatacept therapy at 10 mg/kg of recipient body

weight that was started 7–9 days after TK Tx, in addition

to the CD154 mAb/rituximab-based regimen (CTLA4-Ig

group). Additionally, since recent reports suggest rapamy-

cin may have anti-viral effects [21], we converted MMF

into rapamycin in the maintenance period to avoid bCMV

complications. We tapered MMF with reduction of the

dose by 10 mg/kg every week and started rapamycin at

0.1 mg/kg from the fifth postoperative week (B393) or the

fourth postoperative week (B394 and 14P5). The target

levels of rapamycin were 10 ng/ml.

Pig-to-baboon renal transplantation

MGH GalT-KO pigs [1] were used as kidney donors, and

baboons (Papio hamadryas, Manheim Foundation, Home-

stead, FL, USA) were used as recipients. Ten xenogeneic

kidney transplantations were performed. Both native

baboon kidneys were removed at the time of xenogeneic

kidney transplantation. Graft function was assessed by

serum creatinine levels. Animals were divided into two

studies (see above). All procedures were approved by the

Institutional Animal Care and Use Committee of Mas-

sachusetts General Hospital and Columbia University.

Analysis of CD80

Serum sample preparation and storage for CD80 analysis

Baboon serum and urine samples were stored at

�80 °C until analysis. Samples were first thawed to

37 °C in a water bath, vortexed, and then centrifuged at

room temperature at 1000 g for 2 min prior to use.

Urine analysis

Urine samples were analyzed using an autoanalyzer (Alfa

Wassermann, West Caldwell, NJ, USA) in which urinary

creatinine was measured using the alkaline picrate (Jaffe

Reaction) method (reportable range of 0.2–25.0 mg/dl)

and albumin was analyzed by the dye-binding BCG

method (Alfa Wasserman, range of 0.1–7.0 g/dl). For

samples in which albumin concentration was below

0.1 g/dl, urine was measured using a more sensitive

microalbumin kit (Alfa Wasserman, range 0.1–30 mg/dl).

For Study 2, we used a urine dipstick (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).

Western blot analysis for CD80

The appropriate volume of each urine sample was added

to the 59 loading buffer based on a total creatinine value

Table 1. Description of Study Groups and Treatment Regimens.

Study group Baboon ID Xeno-organs Regimen

Study 1: Pilot study using available saved urine and kidney biopsy samples from three recipients of GalT-KO kidney
Pilot study B289 Thymokidney Anti-CD154 mAb-based regimen

B314 Thymokidney Anti-CD154 mAb/rituximab-based regimen
B324 Kidney + BM

Study 2: Determine the effects of multiple doses of CTLA4-Ig treatment on the development of proteinuria following GalT-KO
thymokidney transplantation in current (2013–2016) cases
CTLA-4Ig group (2015–2016) B393 Thymokidney Weekly doses of CTLA-4Ig + anti-CD154 mAb/rituximab-based

regimenB394
14P5

Comp: non-CTLA4-Ig group
(2013–2014)

B341 Thymokidney Anti-CD154 mAb/rituximab-based regimen
B358
B363
B366
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of 720 lg/lane. Of note, we loaded lanes based on urine

creatinine to account for urine volume changes as it

would not be reasonable to load based on urine protein

as the proteinuria is variable among samples, and we were

interested in the amount of CD80 that is being shed into

the urine. Samples were placed in boiling water for 5 min

to thermally denature the sample and loaded in a 4–20%
polyacrylamide gel (Bio-rad, Criterion, 18-well, #345-

0028). Electrophoresis was carried out in a Tris-glycine-

SDS buffer system. Gels were electroblotted to a PVDF

transfer membrane (Millipore Immobilon-Psq,

ISEQ00010) for 2 h at 250 mA, blocked in 5% milk (Bio-

rad, Hercules, CA, USA, #170-6404) in TTBS, and incu-

bated with primary antibody overnight at 4 °C. Primary

antibody was a mouse monoclonal anti-CD80 antibody

from Lifespan Biosciences with known reactivity with

porcine CD80 (Seattle, WA, USA), with an anti-mouse

HRP-linked secondary antibody (Cell Signaling, Danvers,

MA, USA). After washing, the membrane was developed

using Immun-Star HRP reagent (Bio-rad). Normal

human kidney lysate (Biochain, Newark, CA, USA,

50 lg/lane) was loaded in each Western blot for normal-

izing CD80 images and densitometry across gels. We also

included standard MW ladder to assess the molecular

weight of CD80. Images were scanned and analyzed using

an Image Station 440CF with 1D IMAGE Software (Kodak

Digital Science, Rochester, NY, USA).

Immunohistochemistry

Snap frozen fresh renal tissues in liquid nitrogen were

embedded in OCT Compound and stored at �80 °C.
Immunostaining of CD80 in glomeruli was performed

using antihuman monoclonal CD80 mouse antibody

(2A2; Life Science Bio, Seattle, WA, USA) that is pre-

dicted to react with porcine CD80 or with goat antihu-

man polyclonal CD80 antibody (AF-140; R&D Systems,

Minneapolis, MN, USA) with appropriate secondary

antibodies. For double immunostaining to evaluate the

podocyte, we used goat antihuman polyclonal CD80

antibody with a mouse anti-pig synaptopodin mouse

antibody (G1D4; Gene Tex, Irvine, CA, USA), whereas

for double staining of CD80 and CD31, because of

cross-reactivity, we used antihuman monoclonal CD80

mouse antibody (2A2; Life Science Bio) with anti-pig

polyclonal CD31 rabbit antibody (Abcam, Cambridge,

MA, USA). Sections were incubated in normal donkey

serum blocking solution and then incubated for 1 h at

room temperature using both primary antibodies and

then rinsed twice with PBS-Tween 20 for 3 min each

time. Antigen–antibody complexes were visualized with

donkey anti-goat IgG conjugated with red fluorescent

594 dye secondary antibodies (Alexa Fluor, #A-11058;

Invitrogen, Carlsbad, CA, USA) or anti-mouse IgG con-

jugated with green secondary antibodies (fluorescein,

FI-2001; Vector, Burlingame, CA, USA). Sections were

incubated with the secondary antibody for 30 min at

room temperature and rinsed with PBS-Tween three

times for 2 min. A coverslip with anti-fade fluorescent

mounting medium containing DAPI was placed and

sealed with nail polish. Slides were examined by

immunofluorescence microscopy using a Nikon Eclipse

TE2000-S with a 20X Pan Fluor objective. All images

were acquired at 500 ms exposure and 410–1800 image

scaling. Frozen tissue sections were stained by direct

immunofluorescence using fluorescein isothiocyanate

(FITC)-conjugated rabbit polyclonal antibody to human

IgG and IgM (Dako, Carpinteria, CA, USA). All figures

have been enhanced by increasing the brightness and

contrast by 40%. Intensity of CD80 expression was

quantified using IMAGEJ software [22]. Differences

between two groups were analyzed using t test.

Upregulation of CD80 expression and effect of
CTLA4Ig on CD80 expression on porcine PBMC and

podocytes

Peripheral blood mononuclear cells (PBMC) from

MGH-Gal KO pigs were isolated by the Ficoll method.

Pig podocyte cell lines were established utilizing previ-

ously reported methods [8]. 1 9 105 cells were cultured

with or without LPS (5 lg/ml). For the analysis of the

effect of CTLA4-Ig, PBMCs or podocytes were cultured

with CTLA4-Ig for 3 h. After incubation with CTLA4-

Ig, LPS was added in culture medium. CD80 expression

was evaluated 24 h after incubation by flow cytometry.

Anti-mouse CD80 antibody or IgG isotype controls

(BioLegend, San Diego, CA, USA) were used.

Assessments of anti-non-Gal IgM and IgG antibodies

Anti-non-Gal IgM and IgG serum antibodies were eval-

uated using GalT-KO PBMCs and detected by indirect

FACS using Becton-Dickinson FACScan (Sunnyvale,

CA, USA) and FITC-conjugated goat antihuman IgM or

IgG antibody (Invitrogen). Data were expressed as med-

ian fluorescence intensity.

Baboon CMV in sera

qPCR was run using the ViiA7 by Applied Biosytems

(Thermo Fisher Scientific Inc, Waltham, MA, USA).
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Standards ranging from 100 to 106 were used for abso-

lute quantification with a quantitative detection limit of

4.5 copies per reaction. Data were analyzed using Quant

Studio TM Real-Time PCR software v 1.3 (Thermo

Fisher Scientific Inc.). Results are the average of three

experiments.

Statistics

All blots were run at least three times. Linear regression

was used to determine correlation of urinary albumin

with CD80 densitometry, with a P < 0.05 considered to

be significant.

Results

Study 1: urinary excretion of CD80 increases with
development of proteinuria following pig-to-baboon

xeno-kidney transplantation in baboons

As a pilot study, we first determined whether excretion of

CD80 in the urine increased following pig-to-baboon

xeno-kidney transplantation using saved urine and kid-

ney biopsy samples from three recipients of GalT-KO

kidneys (Table 1). These animals died from either

ischemic heart failure (B289) on postoperative day

(POD) 21, or bCMV (B314 and B324) on POD27 (B314)

and POD19 (B324), respectively. All three animals had

low total protein in their serum (<4.5 g/dl) even with

intravenous albumin supplementation subsequent to the

development of massive proteinuria. Using samples of

urine saved during this period and available biopsies, we

examined excretion of CD80 in the urine retrospectively

following pig-to-baboon xeno-kidney transplantation as

well as characteristics of CD80 excretion.

Excretion of CD80 in the urine following pig-to-baboon

xeno-kidney transplantation

B289 received a TK with the basic regimen and died

21 days after transplant with pleural effusions and

ascites. At necropsy, there were ischemic changes in the

heart (left and right ventricle). The TK graft appeared

grossly normal, and the serum creatinine was 0.8 mg/dl

at the time of sacrifice. Urinary CD80 increased tran-

siently around day 3, peaking at day 4. A second rise

began around day 12 in association with a stepwise

increase in proteinuria (Fig. 1a). Urinary albumin excre-

tion began to rise markedly on POD19.

Both B314 and B324 baboons received anti-CD154

mAb/rituximab-based regimens [8] and exhibited

delayed development of proteinuria. B314 received a

TK and survived 27 days, with a serum creatinine at

death of 0.9 mg/dl. The baboon died of hemorrhagic

pneumonia associated with bCMV infection. Urinary

albumin and CD80 excretion remained nearly absent

until POD22, which was attributed to day 0 rituximab

effect [8]. However, CD80 excretion began to rise at

POD22, followed by an increase in urinary albumin

excretion at POD25 (Fig. 1b). B324 was euthanized

on POD19 with a serum creatinine of 1.0 mg/dl

because of bCMV. Urinary CD80 excretion began to

increase on POD 10, followed by a slight reduction

on POD12, only to increase markedly on POD13

(Fig. 1c). Albuminuria followed with the first substan-

tial rise on POD13. Proteinuria increased severely

after POD16.

Characteristics of CD80 excretion

Detailed analyses show that urinary CD80 excretion rose

1–3 days prior to the rise in urinary albumin excretion

(Fig. 1d), with the exception being the first-week post-

transplant in B289 (Fig. 1a). In these baboons, there

was a direct correlation between urinary CD80 excretion

and the level of albuminuria (r2 = 0.62, P < 0.01, data

from 31 samples). The CD80 in the urine had a molec-

ular weight of 53 KD, consistent with the cell mem-

brane form.

Study 2: multiple doses of CTLA4-Ig markedly

inhibited development of proteinuria during the
maintenance period

The observation in Study 1 that urinary CD80 excre-

tion was increased alludes to the possible protective

effects of administering CTLA-4 Ig, since CTLA-4 can

bind CD80 and reduce activation of CD80-expressing

cells [19]. Therefore, we next studied the effects of

multiple doses of CTLA4-Ig treatment on the develop-

ment of proteinuria in the porcine TK Tx model with

the anti-CD154 mAb/rituximab-based regimen [8]

(Table 1). Three baboon recipients of TKs received

weekly belatacept therapy starting 7–9 days after TK

Tx in addition to the CD154 mAb/rituximab-based

regimen [8] (CTLA4-Ig group). We compared results

of the CTLA4-Ig-treated group with four baboon

recipients of TKs with the CD154 mAb-/rituximab-

based regimen that survived >30 days (non-CTLA4-Ig

group) without the postoperative complications

observed in the earlier animals (i.e., those reported in

Study 1, above).
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Clinical course of baboon recipients of porcine TK

We previously reported that co-transplantation of vas-

cularized thymus as a part of kidney grafts from the

donors (TKs) induces transplant tolerance in allogeneic

kidneys [6] with an in vitro donor-specific unrespon-

siveness in GalTKO pig-to-baboon models when an

anti-CD154 mAb-based regimen was used [7]. Similar

to these previous studies, none of the animals in the

CTLA4-Ig group and non-CTLA4-Ig groups developed

anti-non-Gal elicited antibodies following TK Tx

(Fig. 2a-1 and a-2).

Although TK grafts did not show signs of immunologi-

cal rejection, these animals were euthanized for either

catheter trouble or graft compartment syndrome [23] in

the CTLA4-Ig group, and for pleural effusion or bCMV

in the non-CTLA4-Ig group. All three animals with

CTLA4-Ig treatment survived for longer than 3 months

after TK Tx (B393: 90 days; B394: 93 days; 14P5:

193 days. Mean survival days = 125) (Fig 2b; Table 2).

No animals developed lethal bCMV infection. Briefly,

B394 had stable creatinine (<1.5 mg/dl) except for one

episode in which a transient rise in serum creatinine

occurred (peaking at 4 mg/dl) because of ureteral stent

occlusion which was surgically repaired at POD 51. At

POD 93, however, the animal was euthanized because of

extensive thrombus in the left common femoral artery

and vein, which extended down the leg and was associ-

ated with the intravenous and arterial catheters, possibly

because of anti-CD154 mAb thrombotic side effects. The

other two animals lost graft function at later time points

because of graft compartment syndrome secondary to

growth of porcine grafts in small baboons [23]. In con-

trast, the four animals in the non-CTLA4-Ig group did

not develop early postoperative complications, but were

euthanized before POD60 for other reasons as follows.

Baboon survival of non-CTLA4-Ig group was 55 days

(B363), 52 days (B341), 49 days (B366), and 35 days

(B358), respectively (Table 2). B363 and B341 were euth-

anized because of pleural effusion with low total protein

and albumin levels in the serum despite albumin supple-

mentation. B358 and B366 also had low total protein in

the serum and massive proteinuria and were eventually

euthanized because of pneumonia with bCMV+ in lung

specimens (Table 2). Mean survival of these non-CTLA4-

Ig-treated animals was markedly shorter than that

observed in the CTLA4-Ig group (average � SE:

125.3 � 33.8 with CTLA4-Ig vs. 47.75 � 4.42 without

CTLA4-Ig. P = 0.0436).

Proteinuria was markedly lower in CTLA4-treated animals

Proteinuria was lower in the CTLA4-Ig group compared

to non-CTLA4-Ig group (Fig. 3a-1 vs. a-2). Figure 3a
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Figure 1 Time course of urinary CD80 excretion relative to albuminuria in three baboons with porcine xenografts. Shown is the time course in

postoperative days for baboon 289 (a), baboon 314 (b), and baboon 324 (c). A narrowed time course in these baboons shows urinary CD80

expression tended to increase in serial samples prior to increases in urine albumin excretion (d). Dark bars represent CD80 excretion (y bar on

right) while urine albumin excretion is shown as open bars (y bar for albuminuria on left). *No sample was available.
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shows individual levels of proteinuria assessed by dip-

stick during the clinical course after transplantation.

Urine proteinuria was assessed three times a week.

Proteinuria is described based on the following scale:

1+; 30 mg/dl, 2+; 100 mg/dl, 3+; 500 mg/dl, 4+;
>500 mg/dl. Two of the three baboons in the CTLA4

group developed proteinuria 3+ in the short term in the

second or third postoperative week (POW). However,

after two to three doses of CTLA administration, all

three baboons in the CTLA4-Ig group had less than 2+
proteinuria except at one time point in B394 (Fig. 3a).

14P5 maintained TK function up to POD193 with

Figure 2 (a) Anti-pig non-Gal antibodies assessed by FCM. Line graphs show median fluorescence index that was calculated by intensity at

each point postoperative day (30, 40, 50, 60, 70, 80, and 90)/pre-Tx level. All baboons had preformed anti-non-Gal Nabs, IgM, and IgG, prior

to thymokidney (TK) Tx that were adsorbed by TKs after revascularization. Anti-pig antibody levels never exceeded above pre-Tx levels (index

less than 1), indicating no elicited anti-pig antibodies, IgM and IgG, developed after TK Tx in both CTLA4-Ig-treated (a-1) and CTLA4-Ig-non-

treated (a-2) groups. (b) Baboon recipient survival days after porcine TK Tx in CTLA4-Ig group (B393, B394, 14P5) and non-CTLA4-IG group

(B363, B341, B366, B358).

Table 2. Comparison of CTLA4-lg Treated Group and Control Group.

Group Baboon ID Xeno-organs Regimen
Survival
(days) Complication/cause of euthanasia

CTLA4-lg
group
(2015–2016)

B393 Thymokidney Weekly doses of CTLA-4lg
from POD 7–9 + anti-
CD154mAb/rituximab-
based regimen

90 Graft compartment syndrome
B394 93 Extensive thrombosis
14P5 193 Graft compartment syndrome

Non-CTLA4-lg
group
(2013–2014)

B341 Thymokidney AnthCD154mAb/rituximab-
based regimen

52 Pleural effusion
B358 35 Pneumonia, baboon CMV+ in lung

(27 576 copies per 300 ng input DNA)
B363 55 Pleural effusion
B366 49 Pneumonia, baboon CMV+ in lung

(1255 copies per 300 ng input DNA)
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minimal proteinuria (always <2+) that persisted after

POD 100. In contrast, baboons in the non-CTLA4-Ig

group had levels of proteinuria exceeding 2+ from the

third POW and all of the animals developed proteinuria

3+ or greater, which remained persistent after the fourth

POW and caused significant pleural effusion and infec-

tion (Fig. 3a-2, Table 2).

Characteristics of CD80 excretion

We next analyzed urine samples for CD80 excretion

after POD 30 from those seven recipients. Figure 3b

shows Western blot analysis of CD80 with a molecular

weight of slightly more than 50 KDa based on molecu-

lar weight markers (Fig. 3b) with urinary excretion of

CD80 in three recipients of TK that were treated with

multiple doses of CTLA4-Ig (B-1: B394, B393, 14P5,

Fig. 3b-1) and four recipients of TK without CTLA4-Ig

therapy (B-2: B363, B341, B366, B358, Fig. 3b-2). Non-

CTLA4-Ig-treated recipients consistently showed high

urinary CD80 excretion following transplantation in

association with greater proteinuria (Fig. 3b-2). In con-

trast, long-term survivors of TK with CTLA4Ig had

many days with absent or minimal CD80 excretion that

B393
CD80

32 34 36 40 42 46 48 50 52 54 56 58 60 62 66 68 70 72 74 76 78 80 82 84 86 88POD

CD80
B394 34 36 38 40 9290888482807876747068646260585654525048444642 66POD

CD80
14P5 34 36 38 40 9290888482807876747068646260585654525048444642 66POD B358

B341

B363
POD

Marker
(kDa)

10
20
40

50

100

CD80

x        x        x        x        x        x        x        x        x        x        x        x        x        x

X: weekly doses of CTLA4Ig

4+:  >500 mg/dL 
3+: 500 mg/dL
2+: 100 mg/dL
1+: 30 mg/dL

Uprot     2   2  2  2  2  2  2  2  2  2  2  2  2  2 1  1  1 1 1 1  1  1  1 2  2

Uprot     1  1  0  0  1  1  1  1 1  1 1  1 1  1 1  1  1 1 1 1  1  1 2 2 3  2  2

Uprot     0  0  0  0  0  0  1  2 2 2 2  2 2  2 1  1  1 1 2 1  1  2 1 2 1  1 1

Uprot     1 2  2   3   3   3   3  3    3  3   3  3  4   4   4  

494743403633302724211815129

POD 43403633302724211815129630

Uprot  0  0   0  2  2  2  2  2   2   3   3  3   3   3  3  4  4  4

52514947

B366

POD 43403633302724211815129630 4947

Uprot   0  1  1   1  3  3   3   3  3  3  3   4  4   4 4  4  4

POD 33302724211815129630

Uprot       0   1   1   1  2    2   3    3  4   4    4    4

51

(a1)

(a2)

(b1)

(b)

(b2)

Figure 3 (a) Proteinuria assessed by dipstick in CTLA4-Ig group (a-1) and non-CTLA4-Ig group (a-2). Urine protein excretion was assessed three

times a week. Proteinuria is described based on the following scale: 1+; 30 mg/dl, 2+; 100 mg/dl, 3+; 500 mg/dl, 4+; >500 mg/dl. (b) Western

blot analysis of CD80 with molecular weight markers reveals CD80 to be 53 KDa. Also shown is the urinary excretion of CD80 in three recipi-

ents of TK that were treated with multiple doses of CTLA4-Ig (b-1: B394, B393, 14P5, b-1) and four recipients of TK without CTLA4-Ig therapy

(b-2: B363, B341, B366, B358, b-2). Non-CTLA4-Ig-treated recipients consistently showed high urinary CD80 excretion following transplanta-

tion and greater proteinuria (b-2). In contrast, long-term survivors of TK with CTLA4Ig had many days with absent or minimal CD80 secretion

and less proteinuria (b-1) although transient CD80 excretion was seen when nonimmunological complications such as ureteral obstruction or

catheter complications developed.
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correlated with lower proteinuria (Fig. 3b-1) although

transient CD80 excretion was seen when nonimmuno-

logical complications such as ureteral obstruction or

catheter complications developed.

Upregulation of CD80 expression in podocytes of porcine

xenografts

Five kidney grafts were stained for CD80 (three nephrotic

animals B358 from the second study, and B314 and B324

from the first pilot study) and two nonnephrotic animals

that had received belatacept (CTLA4-Ig)). CD80 expres-

sion was observed in glomeruli that were nephrotic but in

neither nonnephrotic kidney samples (Fig. 4a–c).
To identify the cell type expressing CD80, we per-

formed double immunofluorescence staining of the

biopsy of B358 in which the thymokidney graft was

removed at POD 35 (serum creatinine 0.8 mg/dl). This

animal had severe nephrotic syndrome with moderate

mesangial expansion in glomeruli (Fig. 5a-1). CD80

expression was observed in glomeruli as well as the vas-

cular pole (red in Fig. 5a-2). The intensity of CD80

expression in glomeruli was quantified using IMAGEJ soft-

ware [22]. The expression of CD80 in non-CTLA4-Ig

group was significantly higher than that of CTLA4-Ig

group (22.3 � 1.9 vs. 90.3 � 3.1, P < 0.001). By utiliz-

ing an anti-pig synaptopodin antibody, which marks

synaptopodin in podocytes (green in Fig. 5a-3), many

of the CD80-expressing cells could be documented as

podocytes (Fig. 5a1–4. Double-positive cells are indi-

cated with white arrows). In contrast, the glomerulus

appeared normal (Fig. 5b-1) with no upregulation of

CD80 in glomerular cells in two baboons which did not

develop nephrotic syndrome (Fig. 5b2–5. Figure 5b

showed the PAS and immunofluorescence findings of

the baboon 14P5, which had a serum creatinine of

0.8 mg/dl at the time of biopsy on POD 121).

Since not all CD80-positive cells were podocytes, we

also performed double immunofluorescence staining of

CD80 with CD31, which is an endothelial cell marker.

Occasional CD80-positive cells were CD31 positive

(Fig. 5a-5. CD31+ cells are shown in green and CD80+
cells are shown in red; double-positive cells are indi-

cated with a white arrow).

CTLA4-Ig-suppressed CD80 expression on porcine
podocytes in vitro

Our in vivo study demonstrated CD80 expression was

upregulated in glomerular cells, predominantly podo-

cytes, and this was inhibited by CTLA4-Ig therapy. In

order to further strengthen the role of CD80, we next

assessed whether activated porcine podocytes upregulate

CD80 expression in vitro and whether CTLA4 Ig inhi-

bits this upregulation in vitro. We first titrated CTLA4

Ig to identify a concentration that inhibited CD80

expression in porcine PBMC activated by lipopolysac-

charide (LPS). LPS has been previously shown to upreg-

ulate CD80 in cultured podocytes [16]. Figure 6a

showed CD80 expression in PBMC. A histogram

demonstrates resting porcine PBMC express CD80 on

CD3-negative lymphoid cells as well as macrophages

(Fig. 6a-1, blue line). This expression was upregulated

by LPS (Fig. 6a-1, red line and Fig. 6a-2). Moreover,

this effect was inhibited in a dose-dependent manner

when CTLA4-Ig was added to the podocyte culture

medium before the LPS stimulation (Fig. 6a-1,2). Based

upon this data of PBMC and the number of cultured

podocytes, we chose 5 lg/ml as the concentration of

CTLA4-Ig for the podocyte assay. CD80 expression was

not observed in resting podocytes (Fig. 6b-1, blue line

and Fig. 6b-2). However, it was induced by LPS stimu-

lation (Fig. 6b-1, red line and Fig. 6b-2) and this

(a) (b) (c)

Figure 4 CD80 Expression in a Nephrotic baboon. Baboon 314 developed severe nephrotic syndrome. CD80 was present in the glomeruli (c)

but was negative in a normal porcine glomerulus (negative control, b), whereas it was positive in porcine spleen (a) [4009, CD80 in red, DAPI

counterstain shows nuclei in blue].
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upregulation was completely inhibited by CTLA4-Ig

(Fig. 6b-1, green line and Fig. 6b-2).

Baboon CMV replication is not an initiator to

develop posttransplant proteinuria

Since two of the non-CTLA4-Ig-treated baboons died

with high copies of bCMV in lungs, and development

of bCMV may influence the development of proteinuria

[24,25], we tested the sera for evidence of bCMV infec-

tion in the early postoperative period in recipients of

Study 2. Despite all animals developing proteinuria in

the first 20 days in the non-CTLA4 Ig-treated group in

Study 2, no bCMV replication was observed in three of

four baboons by POD 20 and the remaining baboon

had only 19.4 copies/ml of serum at POD 10 and

242.95 copies/ml of serum at POD 20 (Fig. 7b). These

data suggest that the proteinuria preceded bCMV infec-

tion and therefore bCMV is unlikely an initiator of

posttransplant proteinuria in this model.

Discussion

Massive albuminuria with edema can lead to increased

risk of infection and thrombosis, with subsequent

increased morbidity and mortality [11]. Although co-

transplantation of a vascularized thymus and kidney

(TK) from GalT-KO pigs to baboons has resulted in

stable serum creatinine and renal function for

3 months, the majority of these animals developed

nephrotic syndrome [7]. We have demonstrated that

baboon recipients of TKs developed proteinuria (2+) as

early as POD 2 without signs of either cellular or

humoral sensitization [8]. In this study, although nei-

ther CTLA4-Ig-treated animals nor non-CTLA-4-Ig-

treated animals elicited anti-pig antibodies (Fig. 2a-1

and a-2), non-CTLA-4-Ig-treated animals developed

massive proteinuria following TK Tx. Therefore, devel-

opment of proteinuria in this TK model is not because

of elicited anti-pig antibody-mediated rejection.

Development of proteinuria has been commonly

reported following GalTKO pig-to-baboon xeno-trans-

plantation, as well as GalT-KO/hCD39/hCD55/hCD59

and a-1,2-fucosyltransferase pig-to-cynomolgus xeno-

transplantation [7,8,26,27]. Recently, the Emory group

has published data demonstrating >6 months survival

with minimal proteinuria, no accompanying hypoalbu-

minemia, and low preformed natural antibodies in rhe-

sus monkeys that received GalT-KO/hDAF kidneys

although data on multi-time points were not presented

[28]. In addition, Iwase et al. [29] reported that

baboons which received multi-Tg (hCD46/hCD55/

EPCR/TFPI/hCD47) GalTKO kidneys treated with anti-

IL6 receptor, anti-TNF-a, and anti-CD 40 mAb sur-

vived >8 months. However, Pintore et al. [26] reported

that proteinuria does consistently occur in the hDAF

transgenic Tg or multi-Tg GalTKO (including human

decay accelerating factor, hDAF) pig-to-cynomolgus

Figure 5 CD80 expression in glomeruli of Thymokidney Grafts. The excised thymokidney graft at POD35 (B358, serum creatinine 0.8 mg/dl)

appeared histologically normal (PAS. a-1) but CD80 upregulation was observed (a-2. red). (a3) Showed an image with anti-pig synaptopodin

Ab alone (a-3. green). Double staining with anti-pig synaptopodin Ab (green) showed many CD80-positive cells which were double stained for

synaptopodin (white arrows in a-4). Double staining for CD80 and CD31 was also performed. Rare CD31+ capillary endothelial cells (green)

express CD80 (red) (double-positive cells were indicated by white arrow in a-5) of the thymokidney. Blue staining was DAPI. In contrast, a

biopsy performed at POD 121 from baboon 14P5 which was not nephrotic with normal renal function (serum creatinine 0.8 mg/dl) showed a

normal-appearing glomerulus (PAS. b-1), with no upregulation of CD80 by both single immunofluorescence staining (b-2) or double

immunofluorescence staining (anti-CD80/anti-pig synaptopodin Ab, Fig. 4b4; anti-CD80/anti-CD31 ab, b-5) [4009, CD80, red; synaptopodin or

CD31, green; DAPI, blue].
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model. Our group has also observed the development of

proteinuria following transplantation of hDAF/GalT-

KO-to-cynomolgus monkey kidney xenografts using an

anti-CD40L-based regimen without a vascularized thy-

mic graft (Yamada et al., manuscript in preparation).

Given these varying results, it is not yet conclusive if

GalT-KO/hDAF donor kidneys are protected from

developing proteinuria. In addition, recently published

data in the pig-to-baboon model [29] have not yet

addressed mechanistic studies to determine whether fac-

tors related to pharmacologic drugs or gene(s) lead to

the development of proteinuria. Therefore, proteinuria

remains a major issue and studies to determine the

mechanism responsible for this phenomenon as well as

the development of preventive strategies are crucial to

the success of future xeno-transplantation studies.

Podocytes are the primary cells within the glomerulus

that are responsible for preventing or developing pro-

teinuria. We have previously studied the mechanism of

postxeno-Tx proteinuria by developing a technique for

the culture of pig podocytes and found that loss of sph-

ingomyelin phosphodiesterase acid-like 3b (SMPDL-

3b)/sphingomyelinase expression on porcine podocytes

played an essential role in initiating proteinuria in vitro

[8]. In addition, we demonstrated reduced SMPDL-3b

expression in podocytes in porcine TK grafts in baboons

with nephrotic syndrome and found that rituximab

binding to SMPDL-3b on podocytes delayed

Figure 6 CD80 expression on porcine peripheral blood mononuclear cell (PBMC) and podocytes. (a) Pig PBMCs were stimulated with

lipopolysaccharide (LPS) (5 lg/ml) for 24 h. CTLA4-Ig (at 0.25–5 lg/ml) was added and incubated for 3 h before LPS stimulation. CD80 expres-

sion was evaluated with flow cytometry (a-1). The mean MFI value in each of the groups was shown in the bar graph (a-2). Pig PBMC

expressed CD80 (red line in the histogram, and third bar from left in the bar graph). CTLA4 Ig markedly inhibited CD80 expression. (b)

Although resting pig podocytes did not express CD80 (blue line in the histogram and the second bar in the bar graph), LPS (5 lg/ml) stimula-

tion induced CD80 upregulation (b-1, 2, red in histogram, and third bar from left in the bar graph). Pretreatment of CTLA4-Ig completely

suppressed CD80 expression (green line in the histogram, and the fourth bar in the bar graph).
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development of proteinuria [8]. However, since this

effect was limited, we expected that other mechanisms

might also be involved in the induction of massive pro-

teinuria and nephrotic syndrome. Glomeruli of TK

xenografts appeared normal by light microscopy or

showed mesangial expansion (Fig. 5) and thus have his-

tologic similarities similar to MCD in humans [10]. Of

potential relevance, our group has recently reported that

treatment with CTLA4-Ig reduced proteinuria markedly

in a child with frequently relapsing, steroid-dependent

MCD, although the suppression of proteinuria was

short-lived [30]. We hypothesized that if xenograft

nephropathy also involves a disorder of CD80, then it

may respond to CTLA4-Ig, which is known to bind to

CD80, block T cell activation, and regulate CD80 on

dendritic cells [19].

In MCD, there are reports of de novo expression of

CD80 by podocytes in glomeruli, with increased excre-

tion of CD80 in the urine [17,18,31,32]. We therefore

evaluated this hypothesis in three baboons with porcine

TKs and massive proteinuria. All baboons were found

to excrete high amounts of CD80 in their urine, which

increased immediately preceding the development of

proteinuria. The CD80 had a molecular weight (MW)

of 53 KD, consistent with the cell membrane form of

CD80 as opposed to the circulating soluble CD80 (MW

23 KD). In a second set of studies, we showed that

sequential administration of belatacept (CTLA4-Ig),

which is known to bind CD80, was able to lower the

proteinuria and urinary CD80 excretion in all three sub-

sequent baboons that survived 90, 93, and 193 days

respectively. Notably, we found that CD80 was

expressed in the glomeruli of nephrotic but not non-

nephrotic baboons, and by double immunostaining, we

could show that many of the CD80-expressing cells

were podocytes (as noted by double staining with the

podocyte marker, synaptopodin). We also showed in

cell culture studies that porcine podocytes could be

induced to express CD80 by LPS and that treatment

with CTLA4 Ig could suppress the CD80 expression.

Our regimen in the CTLA4-Ig group in Study 2

included rapamycin administered from the fourth or

fifth postoperative week (POW) with a tapering of

MMF 10 mg/kg every week to prevent development of

bCMV. This modification appeared to be effective with

bCMV disease being un-detectable in the CTL4-Ig

group while two of four baboons in the non-CTLA4-Ig

group developed bCMV disease. Importantly, the devel-

opment of bCMV appears to have occurred after the

proteinuria developed, consistent with CMV not being

the initiator of the proteinuric response. These results

also suggest that animals in the CTLA4-Ig group were

not over-immunosuppressed by adding weekly CTLA4-

Ig and rapamycin with tapering of MMF. In addition,

animals receiving CTLA4-Ig had less proteinuria than

the non-CTLA4-Ig group during the period in which

rapamycin was not given. Clinical reports on adminis-

tration of CTLA-4 Ig to subjects with focal segmental

glomerulosclerosis (FSGS) following transplantation

have indicated some successful responses [33], but also

some negative results [30,34]. Recent reports have

demonstrated that rapamycin can worsen proteinuria in

clinical allotransplant cases and in a rodent model

[35,36]. Taken together with our previous studies

described above [17,18,37,38], the inhibitory effects on

proteinuria is likely because of CTLA4-Ig therapy rather

than rapamycin.

While our data suggest that the benefit of CTLA4-Ig

therapy is likely because of suppression of the CD80

response in podocytes, it is also possible that the benefi-

cial effects of CTLA4-Ig could involve effects on CD80

expression by other cell types, such as the glomerular

endothelial cell or tubular cell, or possibly even general

effects of CTLA4-Ig to suppress activation of T cells and

local inflammation. However, the observation of a

direct effect of CTLA4-Ig on CD80 expression in
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Figure 7 Replication of baboon CMV in sera of recipients in Study

2. (a) No bCMV replication was observed in all three baboons that

were treated with CTLA4 Ig. (b) Three of four baboons in non-

CTLA4-Ig-treated group did not develop any replication of bCMV by

POD 20, and the remaining animal had only 19.4 copies/ml of serum

at POD 10 and 242.95 copies/ml of serum at POD 20.
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cultured podocytes would support a beneficial role of

CTLA4-Ig to block podocyte activation. It should also

be noted that while our data suggest a benefit of

CTLA4-Ig on nephrotic syndrome in this xenograft

model, the evidence that CTLA4-Ig is beneficial in FSGS

in humans is mixed. However, this may relate to the

amount of CD80 expressed in that condition, which

appears to be less than that observed in MCD [30,33].

Although combination therapy with day 0 adminis-

tration of rituximab and multiple doses of belatacept

reduced proteinuria, complete prevention of proteinuria

was not achieved. Thus, it is likely that other mecha-

nisms are involved in the nephrotic response following

xenogeneic kidney transplantation. In this regard, there

are recent reports of incompatibility between porcine

CD47 and its potential ligand, the baboon signal regula-

tory protein a (SIRP-a), which induces activation of

macrophages and phagocytosis in some cases of xeno-

geneic transplantation [39,40]. Theoretically, immune

activation of the porcine podocyte, which leads to

expression of CD80, may potentially downregulate

SIRP-a and SMPDL-3b. We are currently investigating

the role of this SIRP-a-CD47 pathway and its interac-

tion with CD80 and SMPDL-3b as a potential addi-

tional factor in xenograft proteinuria, using our hCD47

Tg GalTKO pigs [41] and a recently established tech-

nique for isolation of porcine podocytes [8].

In summary, we propose that the nephrotic syn-

drome following xenograft transplantation in baboons

appears to involve CD80 upregulation in glomerular

podocytes with increased urinary CD80 excretion and

responds to CD80-targeted therapy (belatacept). The

lesion has some similarities to minimal change disease

in humans, although there are more mesangial expres-

sion and also some nonpodocyte expression of CD80 in

glomeruli (which may represent endothelial cells and

possibly mesangial cells and/or macrophages). Further

studies on the role of CD80 in xenograft nephropathy

appear warranted.
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