




GalTKO PBMCs to confirm that the pre-
formed natural antibodies were completely
depleted from the naive baboon serum. Pig
podocytes were incubated with normal or
adsorbed baboon serum, and the viability
was evaluated by proliferation assay. The
viability of pig podocytes incubated with
adsorbed serum was significantly higher
than with untreated serum (Figure 5). To
determine whether other soluble factors
were involved in the damage, we performed
the same assays using podocytes and serum
in the absence of complement and podo-
cytes with complement only. As shown in
Figure 5, pig podocytes were killed only in
the presence of the preformed natural anti-
bodies with complement. Podocytes with
baboon serum alone or complement alone
had no killing, similar to the medium alone
control. When the adsorbed serum was
added in the cultured podocytes, SMPDL-3b
expression was similar to that observed
in control cells exposed to medium only
(Figure 4D). These data provided further
evidence that preformed natural antibodies

Figure 1. Rituximab binds to the naive pig kidney. Binding of (A) anti–SMPDL-3b antibody and (B) rituximab to epithelial cells in a naive
pig kidney. (C) Merged image of A and B. (D) Staining of a naive pig kidney and (E) naive baboon spleen with anti-human CD20
antibody.

Figure 2. Rituximab binds to SMPDL-3b in the naive pig kidney. (A) Isolation of pig
glomeruli by conventional sieving method. (B) Western blot (WB) with anti–SMPDL-3b
antibody of HEK293 cells (left lane) and naive pig glomeruli (middle lane). Western
blot with anti–SMPDL-3b antibody of immunoprecipitation (IP) with rituximab (right
lane). (C) Binding of rituximab to sections of a naive pig kidney and (D) following
preincubation of anti–SMPDL-3b antibody.
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were responsible for the loss of SMPDL-3b on
the pig podocytes and subsequent cell death.

Effects of Rituximab Therapy in Peri-
Transplant Periods on Development
of Proteinuria after GalT-KO
Thymokidney Transplant in Baboons
Rituximab was administered to six baboons
in theperi-transplant period (treated group).
Eighteen baboons that underwent GalTKO
thymokidney transplant but did not receive
rituximab in the peri-transplant period were
retrospectively analyzed (control group). Ta-
ble 1 summarizes the characteristics of both
groups, as well as the effect of rituximab on
post-transplant proteinuria in these recipi-
ents. All animals in both groups received rit-
uximab on postoperative day (POD)-14 to
deplete CD20+ B cells. Peripheral B cell
counts during the pre- and peri-transplant
periods, as well as after kidney transplant,
did not significantly differ between the two
groups. The anti–non-Gal antibody levels at
the time of transplantation were similar in
both groups (Table 1). The levels of antipig
antibodies showed a similar time course in
both groups (Figure 6C). However, the onset
of 2+ post-transplant proteinuria was mark-
edly delayed in the treated group compared
with the control group (P=0.004) (Table 1,
Figure 6A). Most of the baboons in the con-
trol group developed .2+ proteinuria

within 2 days after transplant (1.3960.61 days), while the aver-
age time of onset of 2+ proteinuriawas.12.5065.54 days in the
treated group. One of the baboons in the treated group main-
tained trace or 1+ proteinuria until POD-22. We found that 3+
proteinuria was also delayed in the treated group (P=0.12). In
addition, we assessed the urine protein-to-creatinine ratios in
these two groups; in the untreated group (red lines in Supple-
mental Figure 2) the ratios were.5 within 7 days and then later
exceeded 10, while in the treated group (black lines), all of the
animals had ratios,1 in the first week (Supplemental Figure 2).

We assessed the expression of SMPDL-3b in the pig kidney
grafts by immunofluorescence microscopy. Recipient B333 died
of complications on POD-1 at a time that the animal had trace
proteinuria. At this time, the expression of SMPLD-3b was
easily detected (Figure 6B, left). SMPDL-3bwas not detected in
kidney grafts from recipients with.3+ proteinuria (Figure 6B,
right).

DISCUSSION

Although one of the major obstacles in xenogeneic kidney trans-
plant is post-transplant proteinuria, the underlying mechanisms

Figure 3. Rituximab therapy prevents podocyte injuries caused by the naive baboon
sera. Immunofluorescence microscopy of antinephrin (red) and antivimentin (green)
staining in (A) untreated podocyte cells, (B) cells incubated with 4% baboon serum, and
(C) cells pretreated with rituximab and then incubated with 4% baboon serum. (D)
Viability of the podocytes was assessed by a cell proliferation assay. Before the pro-
liferation assay, cells were incubated with baboon serum containing low (white bars) or
high (gray bars) levels of natural antibodies with (+) or without (2) rituximab pre-
treatment. The untreated cells were included, along with Nonidet P-40 (NP40)–treated
cells.

Figure 4. Expression of SMPDL-3b was reduced by the naive ba-
boon sera. Immunofluorescence with anti–SMPDL-3b antibody of
(A) untreated podocytes, (B) cells treated with baboon serum, (C)
cells pretreated with rituximab before incubation with baboon se-
rum, and (D) cells treated with baboon serum after adsorption of
preformed natural antibodies (Ab).
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of this complication have not been defined. To elucidate this
mechanism in xeno-transplantation, we examined the role of
SMPDL-3b on post-transplant proteinuria. In our GalTKO
kidney transplant model, we found that rituximab treatment
prevented in vitro damage to pig podocytes as well as the early
development of proteinuria following xenogeneic GalTKOkid-
ney transplant in baboons. Notably, treatment with rituximab
correlated inversely with the level of SMPDL-3b expression,
suggesting that the drug has a protective effect. To our knowl-
edge, this is the first mechanistic study to examine the effects of
rituximab treatment on proteinuria in xeno-transplantation.

Rituximab, which is a chimeric antibody against human
CD20, has recently been used to treat lupus nephritis,15 type I
membranoproliferativeGN,16 idiopathicmembranous nephrop-
athy,17 and transplant glomerulopathy.18 In addition, rituximab
has been used to prevent the recurrence of FSGS,19 membranous
nephropathy,20 and membranoproliferative GN.21 Because anti-
bodies play a key role in the pathogenesis of these diseases, rit-
uximab was used to inhibit humoral immunity by modulating B
cell function and suppressing antibody production. Proteinuria
improved with rituximab administration,15–18,20,21 but there
was no evidence that the drug reduced antibody production.
Furthermore, no change was reported in the level of donor-
specific antibody and the number of CD20-positive cells in the
kidney graft was not related to the improvement of proteinuria.
In our model, all of the animals treated with rituximab, both
control and experimental animals, showed complete B-cell de-
pletion (,1 B cell/ml) at the time of transplantation. Thus, the
B cell–depleting properties of rituximab do not play a role in its
ability to prevent proteinuria.

Although the exact mechanism of this fortuitous effect of
rituximab has yet to be determined, there are some intriguing
clues.ThedownregulationofSMPDL-3brenderspodocytesmore
susceptible to actin remodeling, which leads to proteinuria,12

while the induction of urokinase plasminogen activator recep-
tor signaling in podocytes results in foot process effacement
and urinary protein loss via lipid-dependent activation of avb3
integrin.22,23 Unfortunately, because of a lack of pig-specific re-
agents, we have not yet been able to determine whether avb3
integrin was activated in our model.

The antiproteinuric effects of rituximab were not long-
lasting in the current protocol. One dose of rituximab on
POD-1–5 was effective for three weeks. Most of the baboons
eventually developed 3+ proteinuria, and SMPDL-3b expression
was not detectable in those kidney grafts. There are several
explanations for this. First, the preformed natural antibodies
that are responsible for the proteinuria were still present in the
baboons. Circulating preformed natural antibodies could have

damaged the podocytes once the rituximab
levels fell, such that it was no longer protect-
ing the podocytes. Second, CD80, which
is the cause of a nephritic syndrome in
minimal-change disease,24 may be involved
in development of proteinuria in our model.
Our most recent data in collaboration with
Dr. Johnson’s and Dr. Rivart’s laboratories
suggested that upregulationofCD80by inflam-
matory responses after transplantation may
cause the development of proteinuria in this
model. Further studies are in progress.

Administration of rituximab after the de-
velopment of 3+ proteinuria was not effec-
tive, possibly because of the loss of SMPDL-3b
subsequent to podocyte injury. Therefore, we
concluded that rituximab should be given in
the peri-transplant period before any damage

Figure 5. Preformed natural antibody damaged the podocytes.
Proliferation of podocytes that were incubated with baboon serum
before (pre) or after (post) adsorption on GalTKO PBMCs. Controls
includedmedium with rabbit complement (comp) only (orange bar),
baboon serum (preabsorption) without rabbit complement (yellow
bar), untreated cells (medium only, white bar), and Nonidet P-40
(NP40)–treated podocytes (gray bar).

Table 1. Clinical summary

Variable Control (n=18) Treated (n=6) P Value

Pretreatment B cell counts (cells/ml) 1066.46637.8 1353.061057.9 0.55
B cell counts in peri-transplant
period (cells/ml)

0.6761.30 0.0360.08 0.06

Anti–non-Gal antibody levels
before transplant (MFI)
IgG 7.3860.65 7.9761.02 0.32
IgM 13.3261.16 14.1762.06 0.50

Onset of proteinuria after transplant (d)
2+ proteinuriaa 1.3960.61 .12.5065.54 0.004
3+ proteinuriab 8.2565.69 19.75610.87 0.12

Control animals did not receive rituximab in peri-transplant period. Treated animals received rituximab
in peri-transplant period to prevent post-transplant proteinuria. The data are shown asmean6SD.MFI,
mean fluorescence intensity by FACS
aEstimated protein concentration is 100 mg/dl.
bEstimated protein concentration is 500 mg/dl.

J Am Soc Nephrol 25: 737–744, 2014 Proteinuria after Xenotransplantation 741

www.jasn.org BASIC RESEARCH



to the pig glomeruli occurs. A study to determine an optimal
schedule of repeated doses of rituximab for durable protective
effects is currently in progress.

In summary, we demonstrated that rituximab delays the
onset of proteinuria in our pig-to-baboon xeno-transplantation
model. To our knowledge, this is the first evidence that
the prevention of pig podocyte disruption in an SMPDL-3b–
dependent manner inhibits the early development of protein-
uria following xenogeneic GalTKO kidney transplant in non-
human primates.

CONCISE METHODS

Animals
Massachusetts General Hospital (MGH) inbred GalTKO miniature

swine thatwereproduced as previouslydescribedwereused for in vitro

assay as well as in vivo experiments as donors.5,6 Baboons (Papio

hamadryas) were purchased from Mannheimer Foundation (Home-

stead, FL). MGH Institutional Animal Care and Use Committee

guidelines were followed. All animal care was performed in accor-

dance with the Principles of Laboratory Animal Care formulated by

the National Society for Medical Research and the Guide for the Care

and Use of Laboratory Animals prepared by the Institute of Laboratory

Animal Resources and published by the National Institutes of Health

(publication no. 86–23, revised 1996). The pro-

tocol was approved by the MGH subcommittee

of research animal care.

Immunofluorescence Microscopy
Frozen tissue sections from GalTKO miniature

swine and the baboons were stained with FITC-

conjugated anti-human CD20 antibody (BD Pharm-

ingen; 2H7), polyclonal rabbit anti–SMPDL-3b

antibody (GeneWay), and rituximab. Tetrame-

thylrhodamine isomer R conjugated anti-rabbit

IgG antibody (Dako) and FITC conjugated anti-

rabbit antibody (Southern Biotech) were used to

detect the anti–SMPDL-3b. Rituximab was visu-

alizedwith FITC conjugated anti-human IgG an-

tibody (Dako). Goat anti-human nephrin and

podocin (Santa Cruz Biotechnology, Inc.) anti-

bodies were used to characterize the podocyte

cultures. Both of these antibodies were detected

with FITC-conjugated rabbit anti-goat IgG (Vec-

tor Laboratories) or Texas Red conjugated don-

key anti-goat IgG (Thermo). FITC-conjugated

anti-vimentin antibody (Sigma-Aldrich) was

used to identify podocytes.

Podocyte Culture
The porcine podocyte culture was developed as

follows. Briefly, the kidney harvest was per-

formed from MGH inbred GalTKO miniature

swine under general anesthesia. The kidneys were perfusedwith 50ml

of PBS containing 50 mg of iron powder (Wako). The kidney cortices

were dissected and cut into small pieceswith a surgical blade inHanks’

balanced salt solution (Invitrogen). The tissues were digested in col-

lagenase solution containing 1mg/ml collagenase A (Roche Diagnos-

tics) and 0.2 mg/ml deoxyribonuclease I (Roche Diagnostics) in Hanks’

balanced salt solution at 37°C for 60minutes with gentle agitation. The

collagenase-digested tissues were gently pressed through a 110-mm

metalmesh using aflattened pestle. Glomeruli containing iron powder

in the cell suspension were gathered by a magnetic particle concen-

trator (Invitrogen) and washed at least four times with PBS. Finally,

collected glomeruli were suspended in suitable amount of PBS and the

suspension was poured onto a 70-mm cell strainer (BD Biosciences).

The cell strainer was washed with PBS and glomeruli on the cell

strainer were carefully collected. During the procedure, kidney tissues

were kept on ice except for the collagenase digestion at 37°C. Isolated

glomeruli were cultured on tissue culture dishes in DMEM/F-12 (1:1)

containing 5% FBS, supplemented with 0.5% insulin-transferrin-

selenium-A liquidmedia supplement (Sigma-Aldrich), 0.5mg/ml Pri-

mocin (InvivoGen). Cultures were incubated in a 37°C humidified

incubator with 5% CO2.

To remove phagocytic cells from the culture, immune complex–

coated magnetic beads were prepared by sequential binding of Dyna-

beadsM-280 Sheep antirabbit IgG (Invitrogen) to rabbit anti-ovalbumin

antibody (1mg/ml) (Chemicon), ovalbumin (1mg/ml) (Sigma-Aldrich),

and fresh rabbit complement (Pel-Freez Biologicals). The opsonized

Figure 6. Onset of post-transplant proteinuria, expression of SMPDL-3b in the xeno
kidney grafts, and levels of anti-pig IgG and IgM. (A) Onset of 2+ proteinuria in animals
treated with rituximab after xeno-kidney transplantation (KTx; red dots). (B) SMPDL-3b
expression in kidney graft biopsies on POD-1 (left) and POD-27 (right). (C) Post-transplant
time course of anti-pig IgG and IgM as detected by flow cytometry (upper, IgG; lower,
IgM) in the treated (red line) and untreated (blue line) groups. MFI, mean fluorescence
intensity.
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beadsweremixedwith culturemedia and added to the primary culture

at day 3. Subculture of primary cultured podocytes was performed

after 4 days of culture of isolated glomeruli. Cellular outgrowths were

detached with 0.25% trypsin-EDTA (Cellgro) and passed through a

25-mm sieve to remove the remaining glomerular cores. The cells that

passed through the 25-mm sieve were put on a magnetic particle con-

centrator to remove the phagocytized beads. The remaining cells were

cultured for further analysis. The filtered cells were cultured on col-

lagen I–coated 96-well plates or collagen I–coated polystyrene cover

slips (celltight C-I cell disk; Sumitomo Bakelite) for 2 more days. To

test the effect of baboon sera on pig podocytes, media containing 4%

naive baboon sera were added to the cells on day 5. Cells were pre-

treated with 100 mg/ml rituximab for 30 minutes before the addition

of baboon sera, as previously described.12,25 The cultured podocytes

were processed for the cell proliferation assay or immunohistochem-

ical analysis at day 6.

Western Blotting and Immunoprecipitation
Pig glomeruli were partially purified fromnaive pig kidney cortex by a

standard sieving method using stainless sieves with several different

mesh sizes. Glomeruli trapped on a sieve of 106-mm mesh were col-

lected and homogenized in lysis solution (20 mM Tris, pH 7.4, 150

mM NaCl, 1% TX-100, 0.1% SDS, 10% glycerol, 1 mM EDTA, 0.5%

deoxycholate, protease inhibitor cocktail [Sigma-Aldrich]). HEK293

cells were used as a positive control. The protein concentration was

determined by the bicinchoninic acid assay method (BCA protein

assay kit; Thermo). Twenty micrograms of protein was loaded onto

4%–20% SDS-PAGE gels (Invitrogen), transferred to polyvinylidene

difluoride membrane (Milipore) and probed with polyclonal rabbit

anti–SMPDL-3b antibody (GeneWay) and horseradish peroxidase–

conjugated anti-rabbit IgG antibody (Southern Biotech). The blot

was developed by enhanced chemiluminescence (GE Healthcare).

Two milligrams of protein lysate from naive pig glomeruli was im-

munoprecipitated with 4 mg of rituximab adsorbed on a mixture of

protein A-Sepharose and protein G-agarose beads (Classic Immuno-

precipitation Kit; Thermo). Immunoprecipitates were subjected to

Western blotting as described previously and probed with anti–

SMPDL-3b antibody.

Cell Proliferation Assay
To evaluate the viability of the cultured podocytes, a cell proliferation

assay (Cell Titer 96 Aqueous One Solution Cell Proliferation Assay;

Promega) was performed according to manufacturer’s directions. The

untreated control was medium only, and Nonidet P-40 was the positive

control. This technique was determined to produce a linear relationship

between the number of viable podocytes and the absorbance at 490 nm.

Pig-to-Baboon Xeno-Kidney Transplant
Six experimental baboons received xeno-kidney transplant from

MGH GalKO swine as previously reported.5 Briefly, the recipient

baboons underwent splenectomy and thymectomy before transplant.

B cell and T cells were depleted by 20 mg/kg rituximab on POD-14

and 10 mg/kg rabbit ATG on POD-3 and -2, respectively. Mycophe-

nolate mofetil, 110 mg/kg, was given from POD-6 and tapered after

transplant. Cobra venom factor was given from POD-1 to POD-14.

To assess the effect of rituximab on post-transplant proteinuria,

10 mg/kg rituximab was given during the peri-transplant period. Eigh-

teenbaboons thatwerenot givenrituximab in theperi-transplantperiod

were used as controls. All historical control baboons received 20 mg/kg

rituximabonPOD-14 in the samemanner as the experimental baboons.

After kidney transplant, creatinine was assessed as an indicator of

kidney graft function. Proteinuria was measured by dipstick (Multi-

stix; Siemens). The results from the dipstick are correlated with the

mainly albumin concentration in theurine (trace, 15mg/dl; 1+, 30mg/dl;

2+, 100 mg/dl; 3+, 500 mg/dl; 4+, .500 mg/dl).

Assessments of Anti–Non-Gal IgM and IgG Antibodies
Anti–non-Gal IgM and IgG serum antibody was evaluated using

GalTKO PBMCs and detected by indirect FACS using Becton-

Dickinson FACScan (Sunnyvale, CA) and FITC-conjugated goat

anti-human IgG or IgM (Invitrogen). Data were expressed as median

fluorescence intensity.6

Statistical Analyses
Statistical assessment of the differences between control and exper-

imental animals was done by t test. Differences were considered sta-

tistically significant at P,0.05.
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