RESEARCH LETTER

REPORTS

KIReports.org

De novo Membranous Nephropathy
in Renal Allografts is Associated
With Protocadherin FAT1

Laith F. Al-Rabadi’, Aaron Storey?, Christopher P. Larsen?, Samar |. Hassen?,

Monica Patricia Revelo®, Ravi Shankar Singh?®, Eszter Lazar-Molnar®, Dharmendra Jain®,
Abdelrahman Ibrahim’, Frank Darras®, Rania Salam®, Ala Al-Rabadi®, Naruemon Wikan',
Vanessa Redecke®, Manish Talwar’, Hans Haecker®, Laurence H. Beck Jr® and

Tiffany N. Caza’®

"Renal Division, University of Utah, Salt Lake City, Utah, USA; 2Arkana Laboratories, Little Rock, Arkansas, USA; ®Department
of Pathology, University of Utah, Salt Lake City, Utah, USA; “Department of Urology, State University of New York at Stony
Brook, Stony Brook, New York, USA; ®Renal Division, State University of New York at Stony Brook, Stony Brook, New York,

USA; SInternal Medicine Department, Jordan University of Science and Technology, Bani Obeid, Jordan; "Methodist Trans-
plant Institute, Memphis, Tennessee, USA; and ®Division of Nephrology, Boston Medical Center, Boston, Massachusetts, USA

‘ '.) Check for updates

Correspondence: Laith Al-Rabadi, University of Utah, 50 North Medical Drive, Salt Lake City, Utah 84132, USA. E-mail: Laith.
Al-Rabadi@hsc.utah.edu; or Tiffany Caza, Arkana Laboratories, 10810 Executive Center Drive, Ste. 100, Little Rock, Arkansas

72211, USA. E-mail: Tiffany.caza@arkanalabs.com

Received 22 July 2024; revised 2 October 2024; accepted 14 October 2024; published online 21 October 2024

Kidney Int Rep (2025) 10, 247-251; https://doi.org/10.1016/j.ekir.2024.10.012

KEYWORDS: de novo membranous nephropathy; donor-specific antibodies; FAT1; kidney biopsy

Published by Elsevier Inc. on behalf of the International Society of Nephrology. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

INTRODUCTION

embranous nephropathy (MN) that occurs post-
IVI transplantation can represent either recurrent or
de novo disease. Phospholipase A2 receptor (PLA2R) is
the predominant antigen in recurrent MN, which is
expected given that most cases with MN in native
kidneys are PLA2R-positive. De novo MN (DNMN) can
occur posttransplantation in 1.5% to 9% of allografts.'
DNMN has been shown to be associated with antibody-
mediated rejection (ABMR, primarily C4d positive) in
60% and vascular rejection in 80%." Several novel
antigens were identified in MN (Supplemental
References S1-S5), and while PLA2R is the most com-
mon antigen in recurrent MN,”” the antigen in
DNMN remains unidentified, limiting our understand-
ing of this unique entity.

Protocadherin FAT1 was recently identified as an
antigen in MN associated with hematopoietic stem cell
transplantation.® Because an alloimmune response may
underlie the pathogenesis of the MN that occurs after
hematopoietic stem cell transplantation and in DNMN
in the presence of rejection, mechanisms and target
antigens may be shared among these entities. There-
fore, we hypothesized that FAT1 may be the target
antigen associated with DNMN.
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RESULTS

Clinical Characteristics

We identified 6 patients with FAT1 MN through
immunostaining biopsies (Supplementary Figure 1,
Supplementary Methods). No patients had MN as
the etiology of ESKD. Five patients did not have a
native biopsy, and the etiology was based on
clinical conjecture regarding the cause, including
diabetes (n = 2), obstructive uropathy, congenital
renal hypoplasia, or uncontrolled hypertension
(Table 1). Of the patients who were FATI1-positive
(Table 1), the mean age was 43.3 years with 3
males and 3 females. All demonstrated an elevated
creatinine at biopsy (mean = 2.3 4 1.3 mg/dl). One
patient was on dialysis at presentation. None of the
study patients had a history of autoimmune disease
and 1 had cancer. All patients with available
donor-specific antibodies (DSA) results were posi-
tive (n = 5), with the most common being human
leukocyte antigen (HLA)-DQ (Table 1).

We examined a larger cohort of transplant biopsies
to determine the frequency of MN within allografts.
Among 24,380 transplant biopsies, 347 (1.4%) had
MN. Of biopsies with rejection (n = 10,026), 173
had MN (1.7%). Of these, 53 had ABMR (30.6%), 12
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Table 1. Demographic, clinical, and pathologic characteristics of patients with FAT1-positive de novo membranous nephropathy

Case 1A 1B 1C 2
Demographics
Age 49 43
Sex F M
Race Black Hispanic
Clinical characteristics
HTN Yes Yes
DM No Yes
Autoimmune No No
Cancer Yes No
Cause ESKD HTN/pre-eclampsia DM1
Time post-ix 2yr 25yr 29yr 11 yr
Immunosup. P, T, MMF P, T P, T None
Laboratory data
Serum Cr 1.2 (0.8) 2.1 1.3 4.2
Profeinuria 0.11 0.17 0.12 Sub
DSA Yes Yes Yes Yes
DSA typeftiter ~ DQ9- DQAT; B72-2,186  DQA1x 05 Type unknown,
DQ7-DQAT x 05 DQA1 x 05 2,487 but HLA-DR
3,210 mismatch
Follow-up time 26 mo NA
Follow-up Cr 1.0 NA
Follow-up Prot Undetected NA
Remission CR + DSAs undefected Unk
Allograft rejection
Antibody No Yes Yes Yes
g 0 1 1
pfc 0 2 1
C4d 0 2 2
T-cell No Yes, 1B No Yes
i 0 3 0 2
t 0 3 0 3
Vascular Yes, 2A Yes, 2A Yes, 2A Yes, 2B
v 1 1 1 2
Membranous nephropathy
Seg/global Seg Seg Seg Seg
IgG 3 2103 1 2103
C3 1102 1 0 0
IgA 1 2 0 0
IgM 3 2 0 0
Clg 1102 2103 1 0
Extraglomerular No No No No
Subepithelial Yes Yes Yes Yes
Mesangial Yes Yes Yes No
Subendo No No No No
EM stage 1102 2 2 1

3 4A 4B 5A 5B 5C 6A 6B
25 22 47 58
M F F M
White White White Asian
Yes No Yes Yes
No No No Yes
No No No No
No No No No
Obstruct Renal hypoplasia HTN (focal global sclerosis DM2
and hypertensive vascular changes)
15 yr 4 yr 4.1 yr 4 yr 4.5 yr 5yr 3.5 yr
None P, TS P, TS P, T, MMF P, T,MMF P, TMMF P, T, MMF
Dialysis 1.4 1.2 24 4.5 Dialysis 1.1
Nephrot 15 0.5 0.7 1.6 Anuria 1.3
Yes Yes No Yes Yes Yes yes  Yes
Type DQA1x 05 Resolve DQA1 x 03 DQAT x 03 DQA1 x 03 DQ6 DQ 6
unknown 21064 16350 156098 20398
14 mo 1.6 yr 5yr NA
Dialysis 14 Dialysis NA
Dialysis Undetected Dialysis NA
NR CR NR - Listed for fransplantation Unk
Yes - CA Yes No Yes Yes Yes No  No
3 0 0 1 1 1 0 0
2 2 0 3 2 2 0 0
2 0 0 2 2 2 0 0
No 1B Yes 1A 2B 2B No  No
1 3 2 3 2 1 0 0
1 3 2 3 2 1 0 0
Yes, 2A No No No Yes Yes No  No
1 0 0 0 1 1 0 0
Global Global Res Seg Seg Seg Seg  Seg
3 1 0 3 2 2 2 1
1 Trace 0 1 0 1 1 0
0 0 0 1 1 0 0 0
0 0 0 0 0 0 0 0
2 0 0 1 0 0 1 0
No No No No No No No No
Yes Yes Yes Yes Yes Yes Yes Yes
No No No No No No Yes Yes
No No No No No No No  No
3o 4 1 0 3 o4 31to4 3o 4 3fo 3to
4 4

CA, chronic active; CR, Complete remission; DM, diabetes mellitus; EM, electron microscopy, ESKD, end-stage kidney disease; F, female; g, glomerulitis; Hisp, Hispanic; immunosup,
immunosuppression; i, interstitial inflammation; M, male; MMF, mycophenolate mofetil; nephrot, nephrotic range proteinuria; NR, no remission; obstruct, obstructive uropathy; post-tx,
posttransplant; P, prednisone; PR, partial remission; ptc, peritubular capillaritis; res, resolved; S, sirolimus; seg, segmental; sub, subnephrotic (range proteinuria); subendo, sub-

endothelial deposits; T, tacrolimus; t, tubulitis; unk, unknown; v, vasculitis; yr, years.

had T cell-mediated rejection (TCMR) (6.9%), 84
had mixed rejection (48.6%), 3 had wvascular
rejection (1.7%), and 21 had borderline changes for
TCMR (6.9%). For patients without rejection (n =
14,354), 174 had recurrent MN (1.2%). Patients
with MN with rejection had lower PLA2R posi-
tivity than without rejection (30.3% vs. 50.4%),
and the lowest was noted for those with mixed
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rejection (21.7%). The frequency of PLA2R-
positivity in MN without rejection was similar to
native biopsies.” The majority of MN with rejection
was DNMN (84.4%), rather than recurrence
(n = 27, 15.6%). Although DNMN is an important
cause of proteinuria, these data demonstrate a low
overall frequency within allografts. Further data
are included in Supplementary Table 1.
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Histopathologic Characteristics

Twelve biopsies were available from these 6 patients
with FAT1, 4 with serial biopsies. Eleven were positive
for FAT1 within immune deposits and 1 was a follow-
up case with remission. All cases were negative for
PLA2R, NELLI, and THSD7A with histologic features
of rejection (Supplementary Figure 2). Global IgG
staining along glomerular basement membranes was
seen in 2 biopsies, 9 with segmental staining. C3
staining had weaker intensity than IgG in all cases, as
previously reported in FATI MN.”? No cases demon-
strated tubular basement membrane staining. One had
mesangial deposits (Figure 1, Table 1). This varied from
recurrent MN, which demonstrates global IgG staining,
C3 codominance, and PLA2R positivity (Supplementary
Figure 3). We assessed the presence of HLA-DQ by
immunostaining and did not identify HLA-DQ within
glomeruli of FATI1 cases (Supplementary Figure 4) or
PLA2R controls.

FATI1 staining was specific to DNMN, with immu-
nostaining showing positivity for FAT1 in DNMN
(Supplementary Figure 1), but not in other types of MN
from known antigens (PLA2R, THSD7A, EXT1/2, and
NELL1-associated cases, n = 5 each, Supplementary
Figure 5). FAT1 was also negative within other pro-
teinuric diseases, including fibrillary glomerulopathy,
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Figure 1. Histopathology of the membranous nephropathy component of a typical case of FAT1-positive DNMN. (a) PAS stain demonstrating
mesangial matrix expansion and prominent capillary loops, scale bar = 20 um; (b) immunofluorescence for IgG showing an incomplete global
granular capillary loop pattern of staining, scale bar = 20 um; (c) immunofluorescence for C3 is of lower intensity, scale bar = 20 um; (d)
ultrastructural photomicrograph showing stage | to Il subepithelial electron dense immune type deposits, magnification 5000x; (e) ultrastructural
photomicrograph showing mesangial electron dense deposits, magnification 12000x; and (f) positive inmunofluorescence for FAT1, scale bar =
20 pm. DNMN, de novo membranous nephropathy; PAS, periodic acid-Schiff.

focal segmental glomerulosclerosis, minimal change
disease, and diabetic glomerulopathy (n = 5 each, data
not shown). FATI1 staining was present in podocytes
(Supplementary Figure 6).

In FATl-positive cases, the majority demon-
strated mixed antibody and TCMR, 1 had ABMR
alone, and 1 had a positive DSA without histologic
features of rejection. Four had concurrent vascular
rejection (Table 1). Among patients with ABMR, 4
were C4d-positive. Five demonstrated active ABMR
and 1 showed chronic active ABMR. Of TCMR
cases, 2 were Banff 1A and 2 were Banff 1B. Of the
vascular rejection cases, 3 were Banff class 2A and
1 was 2B (Table 1).

Outcomes

We examined serial biopsies to investigate whether
FAT1 DNMN correlates with DSAs. FAT1 was present
with acute rejection and correlated with presence of
DSAs. In 2 patients with serial biopsies, ABMR was
persistently present with MN. In 1 case with resolution
of rejection, FAT1 was negative and correlated with
disappearance of DSAs. Interestingly, FAT1 MN per-
sisted after TCMR resolution, indicating a potential
association with ABMR, but not TCMR. Moreover,
DNMN preceded ABMR in 1 case, and DNMN occurred
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in the setting of elevated DSA with no evidence of
rejection in 1 patient.

FAT1 MN was not an early cause of graft dysfunc-
tion (mean 7.2 years posttransplant, Table 1). Four
patients received multitargeted therapy, including a
calcineurin inhibitor, prednisone, and mycophenolate
mofetil (or sirolimus). All patients with ABMR were
treated with plasmapheresis, steroids, and i.v. Ig. At
follow-up (range of 14 months—5 years), 2 achieved
remission, 2 required dialysis, and follow-up data were
not available for 2 patients.

DISCUSSION

In our cohort, DNMN comprised 50% of cases of MN
within allografts. There was a lower proportion of
PLA2R-positive cases, as previously reportedS6 and the
target antigen was unknown in the majority of cases.
Previous studies examined whether the target antigens
were HLA with the autoantibodies being DSAs. In this
study, we found FATI to be an antigen in DNMN.
While we did not observe HLA antigens within
glomeruli, there was an association with DSAs. FATI
was previously discovered as an antigen by through
tissue-based proteomics.” We similarly demonstrated
FATI1 as an antigen (Supplementary Figure 7) through
retrieval of immune complexes from biopsy tissue.””
MN is seen in the setting of graft-versus-host dis-
ease, representing an alloimmune response inducing
renal autoimmunity, which can occur in DNMN. Our
study provides further evidence of correlation with
circulating DSA and ABMR. An interesting hypothesis
about why FATI1 may represent a target antigen in MN
associated with 2 separate alloimmune states may be
related to the high mutational rate of this large gene
(19,752 variants listed in UniProt) such that there may
be private epitopes tolerated by the donor but recog-
nized as foreign by the recipient (or vice versa). This
may complicate detection of a “universal” circulating
anti-FAT1 antibodies able to react with the
“consensus” sequence of human FATI1 in an assay
similar to detection of anti-PLA2R autoantibodies.

Conclusion

This study highlights FATI as an antigen implicated in
DNMN. Therefore, in patients with PLA2R-negative
MN associated with rejection, evaluation of FATI
may be helpful to determine the antigen type. Our
study provides further evidence of correlation with
circulating DSA in ABMR. Understanding the patho-
genesis of these fascinating alloimmune phenomena and
DSAs can offer new insights in MN. Further work is
required to understand the pathobiology of disease and
the clinical implications of FAT1 in DNMN.
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