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Abstract

Rationale and Objective: Membranoproliferative glomerulonephritis (MPGN), encompassing
several distinct diseases, is a rare but significant cause of kidney failure in the US. Potential
etiologies of MPGN are unclear, but prior studies have suggested dysregulation of the alternative
complement pathway, and recently, autoimmunity as potential mechanisms driving MPGN
pathogenesis. In this study, we examined HLA associations with end-stage kidney disease (ESKD)
due to MPGN and DDD in a large racially and ethnically diverse US-based cohort.

Study design: Case-control study.

Setting and Participants: Using USRDS and UNOS data, we included 3570 patients with
kidney failure due to MPGN and 263 due to DDD. We matched patients to kidney donor controls
on designated race and ethnicity in a 1:15 ratio.

Exposures/Predictors: 58 class | and 11 HLA serotypes.
Outcomes: Case/control status.

Analytic Approach: In each disease cohort, we performed univariable and multivariable logistic
regression analyses to investigate associations between the disease and 58 HLA serotypes. In
subgroup analyses, we investigated HLA associations in White and Black patients. We also

*Author for correspondence: Vivek Charu, MD PhD, Assistant Professor, Department of Pathology, Quantitative Sciences Unit,
Department of Medicine, Stanford University School of Medicine, vcharu@stanford.edu.

Disclaimer: The data reported here have been supplied by the United States Renal Data System (USRDS). The interpretation and
reporting of these data are the responsibility of the author(s) and in no way should be seen as an official policy or interpretation of the
U.S. government.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Afolabi et al.

studied anti-GBM nephritis as a positive-control outcome. We applied a Bonferroni correction to
account for multiple comparisons.

Results: Eighteen serotypes were significantly associated with the odds of having MPGN in
univariable analyses, with DR17 having the strongest association ([OR]: 1.55, 95% CI: 1.44-1.68;
p-value 4.33e-28). No significant associations were found between any HLA serotype and DDD.
Designated race-specific analyses showed comparable findings. We were able to recapitulate
known HLA associations in anti-GBM nephritis.

Limitations: Reliance on HLA serotypes (rather than genotype), lack of biopsy confirmed
diagnoses.

Conclusion: HLA-DR17 is associated with ESKD due to MPGN in a racially and ethnically
diverse cohort. The strength of association was similar in White and Black patients, suggesting a
role in the pathogenesis of MPGN. No HLA associations were observed in patients with DDD.

Title: HLA DR-17 is associated with ESKD due to MPGN in a large racially and ethnically
diverse cohort.

Prior studies have suggested dysregulation of the alternative complement pathway as a potential
etiology of MPGN, but recent evidence from a British White population has implicated an
autoimmune mechanism in MPGN pathogenesis. We investigated HLA associations between
MPGN and DDD in a large racially and ethnically diverse cohort of patients. We find that
HLA-DR17 is associated with ESKD due to MPGN in both White and Black patients. In contrast,
no significant HLA associations with ESKD due to DDD were identified. These results suggest a
role for autoimmunity in some cases of MPGN and highlight differences in the disease etiology of
MPGN compared to DDD.

Introduction

Membranoproliferative glomerulonephritis (MPGN) accounts for up to 10% of all cases
of biopsy-confirmed glomerular diseasel, leading to kidney failure within 10 years

in approximately 50% of patients2. MPGN, an umbrella term, describes a histologic
pattern of glomerular injury that comprises several etiologically distinct disease entities.

Etiologic classifications divide MPGN into immune-complex mediated MPGN (IC-MPGN)

and complement-mediated MPGN or C3 glomerulopathy. C3 glomerulopathy is further
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subdivided into dense deposit disease (DDD) and C3 glomerulonephritis (C3GN), based

on the presence or absence of characteristic dense deposits seen by electron microscopy?.
IC-MPGN can be associated with infection (e.g., hepatitis B/C), autoimmune disease

(e.g., cryoglobulinemia), or plasma cell dyscrasias, although in many cases the underlying
etiology remains unknown. Even in patients for whom a systemic disease is identified,

the underlying pathogenic mechanisms of IC-MPGN are poorly understood. In contrast,

for C3 glomerulopathy (C3GN and DDD), several studies have implicated dysregulation

of the alternative complement pathway in the pathogenesis of disease, either through
genetic mutations or abnormalities in key complement regulators, or through autoantibodies
to specific complement proteins. However, despite progress in elucidating potential
mechanistic causes, the genetic mutation and/or autoantibody in C3 glomerulopathy is rarely
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found. Uncovering the underlying pathogenic mechanisms driving these diseases is a first
step in the development of targeted, safer, and more effective treatment options.

Recently, Levine et al. performed whole genome sequencing on a cohort of 146 White
British patients with MPGN (including IC-MPGN, C3GN, DDD) and, surprisingly, found
no significant enrichment for rare variants in alternative complement pathway genes?.
Instead, they identified increased prevalence of HLA DRB1*03:01 (serotype: HLA-DR17)
in patients with MPGN compared to controls, implicating an autoimmune mechanism in
MPGN pathogenesis, as opposed to dysfunction of the alternative complement pathway.

It is essential to study genetic associations in racially and ethnically diverse cohorts;
validating such associations in diverse cohorts lends support for a potential causal
mechanism of disease. In this study, we explore class | and 1l HLA serotype associations
with end-stage kidney disease (ESKD) due to MPGN (including IC-MPGN and C3GN) and
DDD from the United States Renal Data System (USRDS) registry®. We evaluate whether
HLA antigens are associated with MPGN in a large and diverse cohort of patients and
present the first comprehensive study on HLA associations in a cohort of patients with DDD.

We extracted data from the USRDS®, which incorporates data from the United Network for
Organ Sharing (UNOS). The USRDS contains records for nearly all patients who receive

a kidney transplant in the United States. We assembled data regarding cause of kidney
failure and patient demographics from the PATIENTS and MEDEVID files, largely derived
from the Medical Evidence Report (CMS Form 2728) submitted by nephrologists within
45 days of initiation of maintenance dialysis or receipt of kidney transplantation. (ESKD
due to MPGN was identified using the PDIS variable (i.e., physician-designated primary
cause of kidney failure) in the PATIENTS file, with codes 5832, 58321, 5832A, 58327,
NO035 and N045; ESKD due to DDD was identified with codes 58322, 5832C, N036 and
N046; ESKD due to anti-GBM nephritis was identified with codes 5834C, 44621, 5834Z,
44627. Unfortunately, there are no specific codes for C3GN, and as such it was not possible
to separate C3GN from MPGN in our analysis. We captured data on HLA serotypes from
UNOS Donor and Recipient Histocompatibility files.

Study Design.

We employed a case-control study design. The primary goal of this analysis was to identify
HLA serotypes associated with kidney failure due to MPGN or DDD. Each transplant
recipient with MPGN (excluding DDD) or DDD was matched to 15 kidney donor controls,
with exact matching for designated race and exact or variable matching for Hispanic
ethnicity. Exact matching for designated race requires cases and controls to have the same
race, while variable matching for Hispanic ethnicity prefers exact matches for Hispanic
ethnicity, but will allow for mismatches on Hispanic ethnicity if no exact matches can be
found. Kidney donors were selected from the entire pool of available kidney donors with
histocompatibility information collected by UNOS. It is not known if race was determined
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by self-report or designation by others. The dataset does not include information on ancestry.
The exposure of interest was HLA serotype, and the outcome of interest was presence or
absence of ESKD due to MPGN (or DDD). To validate the design and statistical analysis
approaches used, we also studied patients with ESKD due to anti-glomerular basement
membrane (anti-GBM) nephritis, as well-established HLA associations have been identified
for this disease®-12,

Study population.

We included all patients with kidney failure due to MPGN, DDD or anti-GBM nephritis
who received a first kidney transplant in the US after 1986. Patients simultaneously missing
all HLA class I and 11 serotype and/or race data were excluded from the analysis. As
controls, we included all kidney donors with complete information on HLA serotype,

race and Hispanic ethnicity. HLA haplotypes differ by ancestry because of strong linkage
disequilibrium in HLA genes, and as such, it is important to attempt to distinguish between
serotype associations due to strong linkage disequilibrium and serotypes that might be
causally implicated in disease pathogenesis. Race is a social construct, which we use

here as a proxy for ancestry. Designated race is coded in the Centers for Medicare and
Medicaid Services Form 2728 according to the following 6 categories: (1) White, (2)

Black or African American, (3) American Indian/Alaska Native, (4) Asian, (5) Native
Hawaiian or other Pacific Islander, or (6) Other. Two categories for ethnicity are present:
(1) Not Hispanic or Latino, or (2) Hispanic or Latino. Although using designated race/
ethnicity as a proxy for ancestry is imperfect, it is the only available information related

to ancestry available in USRDS/UNOS. Prior work has demonstrated that HLA alleles and
haplotypes demonstrate clustering by race/ethnicity designation in the United States’3. Of
the racial groups considered, only White and Black patients had adequate sample sizes for
race-stratified analyses. Because of the strong influence of ancestry on HLA inheritance, we
matched cases and controls on designated race/ethnicity.

Investigated HLA Serotypes.

We considered HLA serotypes with 5% or greater prevalence in donor or disease-specific
populations, resulting in the following 58 serotypes for investigation: Al, A2, A3, Al1l,
A23, A24, A26, A29, A30, A31, A32, A68, B7, B8, B14, B18, B21, B27, B35, B39 B44,
B51, B57, B60, B62, Bw4, Bw6, Cwl, Cw2, Cw4, Cw5, Cw6, Cw7, Cw8, Cw9, Cw10,
Cwl2, Cwi6, DQ2, DQ4, DQ5, DQ6, DQ7, DQ8, DQY, DR1, DR4, DR7, DR8, DR11,
DR12, DR13, DR14, DR15, DR17, DR51, DR52, DR53.

Statistical analysis.

For each cause of kidney failure (non-DDD MPGN, DDD and anti-GBM nephritis), we first
estimated the prevalence of each of the 58 serotypes among patients with ESKD and race/
ethnicity-matched donor controls. We used unadjusted logistic regression models to estimate
odds ratios of having a specific cause of kidney failure (i.e., MPGN, DDD, anti-GBM
disease) given a specific HLA serotype. Given the multiple hypotheses tested, estimated
odds ratios were considered statistically significant if associated p-values were less than
0.000862 after Bonferroni correction. In subsequent analyses, we estimated adjusted odds
ratios for 57 of the 58 serotypes, adjusting for the serotype with the strongest association
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seen in univariate analyses for each cause of kidney failure. Finally, we repeated the
aforementioned approach within subsets of White and Black patients.

HLA serotype calling and imputation.

The UNOS Recipient Histocompatibility file contains information on HLA serotypes for
each transplant recipient, and the corresponding date of typing. Each patient may have
multiple entries for HLA types, depending on the year of transplant listing and the year of
transplantation (e.g., a patient may be retyped during the interval between waitlisting and
transplantation). Additionally, HLA serotype designations have evolved over time due to
improved molecular assays enabling better discrimination between specific HLA antigens.
To capture these changes in HLA typing, some HLA serotypes are categorized as “broad” or
“split” serotypes, where broad serotypes are subdivided into split serotypes due to evolving
HLA typing methods. For example, HLA-DR3 is a broad antigen that has been subdivided
into HLA-DR17 and HLA-DR18 with improved HLA typing methods. Depending on the
year of HLA typing and transplantation, a patient may have only information on broad HLA
antigens, without information on the corresponding split antigens.

In this analysis, we considered all antigens with 5% or greater prevalence in donor or
disease-specific populations. In the majority of cases, split antigens were investigated in
the final analysis in place of their broad antigens, except when the broad antigen has a
prevalence of 5% or greater in either the case or control cohorts and all the corresponding
splits had a <5% prevalence in both the donor and disease cohorts. Split antigens with a
5% or greater prevalence in donor or disease specific populations, and >5% missingness
were imputed before use in the final analysis. Ultimately, we imputed the following split
antigens: DR15, DR16, DR17, DR18, DQ5, DQ6, DQ7, DQ8, DQ9, Cw9 and Cw10. In
order to impute these splits, for each broad/split group, we extracted data from donors
with complete information about the broad and split HLA types. We then fit random forest
models to predict the split antigens, using all antigens with a prevalence of 5% or greater
as predictors. A random forest model was selected for imputation due to its strength in
handling interactions among predictors, pertinent to this analysis due to the strong linkage
disequilibrium among HLA serotypes. We assessed model performance on a test-set of
patients with each of three causes of kidney failure with complete information on all relevant
broad/split antigens. Across models, the median balanced accuracy was ~85%. Details on
the imputation approach are provided in the Supplementary Methods and Table S1.

In a sensitivity analysis we report the E-value, defined as the minimum strength of
association on the risk ratio scale that an unmeasured confounder would need to have with
both the exposure and the outcome, conditional on the measured covariates, to fully explain
away a specific exposure-outcome associationl415

We conducted all analyses in R v4.1.3 and Python v3.7.13.

Am J Kidney Dis. Author manuscript; available in PMC 2024 September 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Afolabi et al.

Results

Page 6

Patient characteristics.

Our study cohorts consisted of 3424 patients with kidney failure due to MPGN, 263 patients
with kidney failure due to DDD, and 989 patients with kidney failure due to anti-GBM
nephritis, who had received a kidney transplant in the US between 1986 and 2018 and

had non-missing data on designated race and relevant class /11 HLA serotypes (Figure

1). Patient demographics are provided in Table 1. Patients with MPGN or DDD were
predominantly White (77-83%) and non-Hispanic (85-87%), with a median age at first
kidney failure therapy initiation of 29-38 years. Black patients comprised the second largest
racial group (11-15%). The sex distribution was approximately balanced for the DDD
cohort, while male patients slightly predominated (58%) in the MPGN cohort (Table 1).

HLA serotypes associated with MPGN.

3424 patients with kidney failure due to MPGN were matched to 51,360 donors: 99%

of donors had exact matching for designated race and Hispanic ethnicity, while 1% had
variable matching for Hispanic ethnicity. Figure 2 displays univariate odds ratios for

each HLA serotype with associated p-values, and Table 2 highlights HLA serotypes with
statistically significant associations after Bonferroni correction. Eighteen of the 58 HLA
serotypes investigated were associated with kidney failure due to MPGN on univariate
analysis: DR17, B8, DR52, A68, Cw16, DR7, Cw12, DQ9, B60, DR51, B7, B57, Al,
Cw10, Bw6, DQ2, Cw8, and Cw9. The association with HLA-DR17 was strongest
(univariate odds ratio [OR]: 1.55, 95% CI: 1.44-1.68; p-value 4.33e28; Table 2). We
estimated the strength of associations between other HLA serotypes and MPGN, adjusting
for HLA-DR17 status; adjusted odds ratios are provided in Table 2. Adjusted odds ratios
for 11 serotypes remained significant after conditioning on HLA-DR17 (DR52, A68, Cw16,
DR7, Cwl12, DQ9, B60, DR51, Cw10, DQ2, Cw9), but the strength of associations was
typically attenuated (Table 2). These findings were consistent among patients with ESKD
due to MPGN undergoing first transplant during the 1991-2000 (Figure S1) and 2001-2010
(Figure S2) time periods.

To gain additional insights into which HLA serotypes might plausibly be causally related

to MPGN, we leveraged the racial/ethnic diversity of our patient and donor cohorts and
explored HLA serotype associations among White and Black patients separately. Among the
2647 White patients, we found HLA-DR17 to have the strongest association with MPGN
(OR: 1.58, 95% CI: 1.45, 1.73; p-value: 1.35e725), and further conditioning on HLA-DR17
tended to attenuate other statistically significant associations (Figure 3, Table S2). Among
HLA-serotypes with positive associations among the 502 Black patients with MPGN, HLA-
DR17 also had the strongest association (OR: 1.68, 95%Cl: 1.33-2.11; p-value: 1.15e705),
and conditioning on HLA-DR17 similarly attenuated other significant associations (Figure
3, Table S3).

HLA serotypes associated with DDD.

Two hundred and sixty-three patients with kidney failure due to DDD were matched to
3945 donors, with 99.9% of donors matched exactly on designated race and Hispanic
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ethnicity, and 0.1% of donors with variable matching for Hispanic ethnicity. We found no
statistically significant associations between HLA serotype and kidney failure due to DDD.
We further examined whether any HLA associations could be identified when considering
White (n=218) and Black patients (n=30) separately, but none were identified.

HLA serotypes associated with anti-GBM nephritis (positive outcome control).

Nine hundred and eighty nine patients with kidney failure due to anti-GBM nephritis were
matched to 14835 donors on designated race and Hispanic ethnicity. Figure 2 displays
univariate odds ratios for each HLA serotype with associated p-values, and Table 3
highlights those HLA serotypes with statistically significant associations after Bonferroni
correction. Twenty-nine of the 58 HLA serotypes investigated were significant on univariate
analysis: DR15, DR51, DQ6, B7, DR52, DQ8, DR11, DQ7, DQ5, Bw4, DR7, Cw7, DR4,
DR13, DQ2, DR1, Bw6, B60, B35, Cw4, DR14, B44, Cw16, DR17, A3, DQ9, Cw2, Cw6,
and Cw10. The association with HLA-DR15 was strongest (univariate odds ratio [OR]:
6.81, 95% Cl: 5.91-7.85; p-value 5.26e~15%; Table 3). We sought to estimate the strength
of associations between other HLA serotypes and anti-GBM, controlling for HLA-DR15
status; adjusted odds ratios are provided in Table 3. Adjusted odds ratios for 17 serotypes
remained significant after conditioning on HLA-DR15 (DR52, DQ8, DR11, DQ7, DQ5,
Bw4, DR7, Cw7, DR4, DR13, DR1, Bw6, B60, B35, Cw4, DR14, Cw16, Cw10), but the
strength of associations was typically attenuated (Table 3).

Among White patients, we found HLA-DR15 continued to have the strongest association
with anti-GBM (OR: 7.40, 95% Cl: 6.37, 8.59; p-value: 5.29e7151) and further conditioning
on HLA-DR15 tended to attenuate other statistically significant associations (Figure 3,
Table S4). Among Black patients, only HLA-DR15 showed a significant association with
anti-GBM nepbhritis (OR: 3.29, 95% CI: 1.93-5.59; p-value: 1.10e79%) (Figure 3, Table S5).
Taken together, these data support a strong association between HLA-DR15 and kidney
failure due to anti-GBM, corroborated by several published studies.

Discussion

The HLA is a fundamental component of adaptive immunity responsible for presentation of
self- and non-self-peptides to T-cell receptors. HLA is divided into class | (HLA-A, HLA-B,
and HLA-C) and Il alleles (HLA-DR, HLA-DQ and HLA-DP), often inherited in strong
linkage disequilibrium, tending to segregate together in specific haplotypes. Polymorphisms
in HLA are thought to contribute to the development of several autoimmune kidney diseases;
associations between specific HLA types and diabetes, IgA nephropathy, anti-GBM disease
and anti-nuclear cytoplasmic antibody (ANCA)-associated vasculitis among others, have
been identified®16-20, |n this case-control study, we quantified associations between 58 class
I and Il HLA antigens and kidney failure due to MPGN or DDD in a large, diverse cohort

of patients with kidney failure due to MPGN or DDD in the US. We determined that kidney
failure due to MPGN was associated with HLA-DR17 (OR: 1.55, 95%Cl: 1.44-1.68). In
contrast, we found no significant associations between class | and 11 HLA serotypes and
kidney failure due to DDD. Finally, we were able to recapitulate the direction and magnitude
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of known HLA associations with anti-GBM nephritis (positive-control outcome), supporting
the validity of our analytic approach.

To our knowledge, this is the largest study exploring HLA associations with MPGN and
DDD to date, and the first to include a sizeable proportion of Black patients. Recently,
Levine et al. performed whole genome sequencing on 146 patients with MPGN (including
DDD and C3GN) and 6442 controls, all designated as White race*. They found no
significant enrichment for rare variants in alternative complement pathway genes, but

did find enrichment for an HLA haplotype incorporating DQA1*05:01/DQB1*02:01, and
DRB1*03:01 (corresponding to serotypes HLA-DQ2 and HLA-DRL17, respectively), with
estimated odds ratios of 1.5-2.5. This study was the first to suggest that HLA (and hence
autoimmunity), rather than complement defects, may be contributing to the pathogenesis of
MPGN, DDD and C3GN. While groundbreaking, limitations of this study include a modest
sample size, a homogenous study population (all patients of northern European origin), and
the aggregation of IC-MPGN, C3GN, DDD. This latter limitation is particularly noteworthy,
as C3GN and DDD clearly differ in pathogenesis from IC-MPGN.

Overcoming some of these limitations, our larger study (n=3424 for MPGN and n=263

for DDD) in a more racially diverse population confirms the association between HLA-
DR17 and MPGN identified by Levine et al., and the breadth of our cohort allowed us to
potentially separate the role of HLA-DR17 from its associated haplotype in White patients,
HLA-A1-B8-DR3-DQ2, evidenced by the fact that this haplotype was not associated with
MPGN in the Black patient cohort. However, the magnitude of the association with HLA-
DR17 we identified was modest, similar to that of Levine et al., highlighting that the
pathogenesis of MPGN is complex and likely multifactorial. Of note, HLA-DR17 has also
been found to be associated with membranous nephropathy and lupus nephritis (with larger
odds ratios, >2.0), highlighting the potential importance of DR17 across several autoimmune
kidney diseases1920,

In contrast, we found no significant HLA associations with kidney failure due to DDD,
suggesting that the underlying pathogenesis for MPGN and DDD are likely distinct. While
other studies have highlighted an association between DDD and type | diabetes, suggesting a
possible role for autoimmunity and potential HLA associations?, to our knowledge only one
study specifically explored HLA associations with DDD and was limited to 16 patients?2,
prohibiting detailed assessment.

Several strengths of our study should be noted. First, we used real-world data, and HLA
serotypes were collected and reported to UNOS/USRDS during routine clinical care. As
such, due to improvements in molecular assays for HLA typing during the time period
studied, several HLA serotypes were further subclassified (from “broad” antigens to “split
antigens”). To account for these changes, we developed machine learning models to
impute prevalent split antigens, where missing; our models had excellent performance
(Supplementary Methods and Table S1). In a sensitivity analysis, we demonstrate that

the findings presented are robust to the time period of transplantation selected (Figures
S1-S2). In addition, we studied HLA serotypes associated with anti-GBM nephritis as

a positive outcome control to verify that our statistical approach and the data used are
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capable of reproducing well-established associations that have been previously reported. In
the anti-GBM nephritis cohort, we found strong associations with HLA-DR15 (OR: 6.81,
95% ClI: 5.91-7.85; p-value 5.26e-155) and HLA-DR4 (OR: 1.74, 95% CI: 1.53-1.99;
p-value 8.82e-17), both of which are similar in magnitude to reported HLA associations with
anti-GBM nephritis6-8.11.12,

Several limitations must also be mentioned. By studying only patients with ESKD, one
might consider the possibility that the observed associations are due to a relation between
HLA and ESKD itself, rather than any disease-specific association. We believe this is
unlikely because no specific HLA serotype association was identified across the three
groups studied (MPGN, DDD and anti-GBM nephritis). Furthermore, an evaluation of the
literature demonstrates no clear association between HLA serotypes and ESKD itself23; a
recent meta-analysis also failed to identify a consistent relation between HLA and ESKD?4.
We relied on designated race/ethnicity as a proxy for ancestry to study HLA associations
with disease while considering the strong linkage disequilibrium in HLA haplotypes. Race
is a social construct. While imperfect, it is well known that the distribution of HLA antigens
differs among designated racial and ethnic groups325-27, Qur study was also limited due
to the lack of information on HLA genotypes, instead relying on reported HLA serotypes.
HLA serotypes can correspond to multiple genotypes, and high-dimensional genotyping of
the HLA locus across diverse cohorts of patients with MPGN and DDD may be helpful in
clarifying exact mechanisms by which HLA may contribute to disease pathogenesis. For
example, an unmeasured genetic locus associated with both HLA-DR17 and ESKD due

to MPGN at a strength of 2.26 on the risk ratio scale would explain away the observed
association between HLA-DR17 and ESKD due to MPGN1#:15_ In addition, we relied

upon glomerular disease diagnoses reported to the USRDS, which may not necessarily

be biopsy confirmed. USRDS diagnoses for glomerular disease are reported to be highly
specific but poorly sensitive (18). Finally, we excluded patients lacking class | and 1l HLA
serotypes in USRDS/UNQOS, thereby reducing the sample size of our study. Importantly, we
do not believe exclusion of these patients introduces systematic bias in estimates of HLA
associations with causes of ESKD, as evidence by our analysis of the anti-GBM nephritis
cohort. Ultimately, although our study is the largest to date, MPGN and DDD are rare
glomerular diseases, and the number of patients studied here was modest, especially when
stratified by designated race. As such, our study may have been underpowered to detect
HLA associations with small effect sizes.

In conclusion, we identified several class | and Il HLA serotypes associated with kidney
failure due to non-DDD MPGN, most notably HLA-DR17, but no significant HLA
associations with kidney failure due to DDD. These data contribute to our understanding
of the potential pathogenic mechanisms underlying MPGN, suggesting a likely role for
autoimmunity in some cases, and highlight potential differences in HLA susceptibility to
MGPN compared to DDD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Patients who underwent transplantation within each disease group (MPGN, DDD, anti-GBM
nephritis) were eligible. Patients were excluded from the final analysis if they had missing
race, and/or Class I or Il serotype information. Every case in the final disease cohorts is

matched to 15 donors of the same ethnicity and/or race.
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Figure 2.

total = 58 variables

Volcano plots exploring the relationship between HLA serotype associations in (A) MPGN,
(B) DDD and (C) Anti-GBM nephritis cohorts. The dashed horizontal line in each plot
represents the significance threshold after Bonferroni correction (0.000862), while the
dashed vertical line represents an odds ratio of 1. Serotypes with the most significant
positive and negative associations are labelled. No significant associations were found

between any serotype and DDD.
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Race specific volcano plots of serotype associations for (A) White patients with MPGN, (B)
Black patients with MPGN, (C) White patients with DDD, (D) Black patients with DDD,
(E) White patients with anti-GBM nephritis (F) Black patients with anti-GBM nepbhritis. The
dashed horizontal line in each plot represents the significance threshold after Bonferroni
correction (0.000862), while the dashed vertical line represents an odds ratio of 1. Serotypes
with the most significant positive and negative associations are labelled.
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Table 1.

Patient characteristics and demographics among the three study cohorts: membranoproliferative
glomerulonephritis (MPGN), dense deposit disease (DDD) and anti-glomerular basement membrane nephritis

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

(anti-GBM nephritis; positive control outcome). Demographic information for the kidney donor (control)

population is also provided.

Disease MPGN DDD Anti-GBM nephritis Donors
Number of patients meeting inclusion/exclusion criteria (%) | 3424 (100%) | 263 (100%) 989 (100%) 143769 (100%)
Age at first ESRD service (median and IQR) 38 (24-51) 29 (17-45) 41 (24-56) -
Sex Male 1994 (58.2%) | 128 (48.7%) 503 (50.9%) -
Female 1430 (41.8%) | 135 (51.3%) 486 (49.1%) -
Designated Race White 2647 (77.3%) | 218 (82.9%) 904 (91.4%) 118031 (82.1%)
Black 502 (14.7%) 30 (11.4%) 60 (6.1%) 20016 (13.9%)
Asian 185 (5.4%) 8 (3.0%) 14 (1.4%) 4049 (2.8%)
Other 90 (2.6%) 7 (2.7%) 11 (1.1%) 1673 (1.2%)
Designated Hispanic Ethnicity Yes 463 (13.5%) 41 (15.6%) 70 (7.1%) 19600 (13.6%)
No 2961 (86.5%) | 222 (84.4%) 919 (92.9%) 124169 (86.4%)
Donor Status Living 1394 (40.7%) | 113 (43.0%) 463 (46.8%) 60976 (42.4%)
Deceased donor 2018 (58.9%) | 150 (57.0%) 526 (53.2%) 82793 (57.6%)
Unspecified 12 (0.4%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
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All statistically significant univariate and adjusted odds ratios associated with kidney failure due to MPGN.
Odds ratios were considered statistically significant if p-values were less than 0.000862 after Bonferroni
correction (58 tests). Adjusted odds ratios were estimated from a multivariable logistic regression model that
included a term for DR17, as DR17 had the strongest univariate association with ESKD due to MPGN.
Prevalence of each HLA serotype among cases (n=3424) and designated race/ethnicity matched controls
(n=51360) is also provided. Significant results are bolded.

Serotypes | Odds Ratio (95% CI) | P-value | Adjusted Odds Ratio* (95% P-value Prevalence among Control
Cl) MPGN cases (%) Prevalence (%)
DR17 1.55 (1.44-1.68) 4.33E-28 ref ref 27.48 19.62
B8 1.49 (1.37-1.62) 6.32E-21 1.19 (1.06-1.33) 0.00285 23.04 16.73
DR52 1.37 (1.27-1.49) 3.70E-15 1.18 (1.08-1.29) 0.000151 69.61 62.51
A68 0.55 (0.47-0.64) 6.57E-15 0.57 (0.49-0.66) 1.62E-13 5.8 10.04
Cwl6 0.45 (0.36-0.56) 8.22E-13 0.46 (0.37-0.58) 6.34E-12 3.56 7.58
DR7 0.75 (0.68-0.82) 2.57E-10 0.78 (0.71-0.86) 1.19E-07 17.85 22.52
Cwil2 0.56 (0.46-0.67) 2.39E-09 0.58 (0.47-0.7) 2.67E-08 4.65 8.07
DQ9 0.67 (0.57-0.79) 8.38E-07 0.70 (0.6-0.82) 1.45E-05 5.43 7.89
B60 1.32 (1.17-1.5) 6.31E-06 1.38 (1.22-1.56) 2.12E-07 9.14 7.06
DR51 0.81 (0.74-0.89) 6.55E-06 0.85 (0.77-0.93) 0.000642 24.47 28.58
B7 0.84 (0.77-0.92) 0.000129 0.87 (0.8-0.95) 0.00261 18.41 21.18
B57 0.75 (0.64-0.87) 0.000235 0.78 (0.67-0.91) 0.00167 5.27 6.92
Al 1.16 (1.07-1.25) 0.000332 0.99 (0.91-1.08) 0.841 26.36 23.65
Cw10 1.23(1.1-1.38) 0.00035 1.25(1.12-1.41) 9.24E-05 15.74 13.19
Bw6 1.21 (1.09-1.35) 0.000362 1.13 (1.01-1.25) 0.0304 87.1 84.79
DQ2 1.14 (1.06-1.23) 0.000458 0.80 (0.72-0.89) 5.45E-05 40.05 36.91
Cw8 0.75 (0.64-0.89) 0.000662 0.76 (0.65-0.9) 0.00132 6.7 8.7
Cw9 1.28 (1.11-1.47) 0.000814 1.31(1.14-1.52) 0.000211 9.13 7.29
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Table 3.

All statistically significant univariate and adjusted odds ratios associated with kidney failure due to anti-GBM
nephritis (positive outcome control). Odds ratios were considered statistically significant if p-values were less
than 0.000862 after Bonferroni correction (58 tests). Adjusted odds ratios were estimated from a multivariable
logistic regression model that included a term for DR15, as DR15 had the strongest association with anti-GBM
nephritis. Prevalence of each HLA serotype among cases (n=989) and designated race/ethnicity matched
controls (n=14835) is also provided. Significant results are bolded.

Serotypes | Odds Ratio (95% ClI) P-value Adjusted Odds Ratio* (95% | P-value | Prevalence among Control
Cl) Anti-GBM cases Prevalence (%)
(%)
DR15 6.81 (5.91-7.85) 5.26E-155 ref ref 70.59 26.05
DR51 6.27 (5.36-7.32) 8.55E-118 0.63 (0.39-1.02) 0.0606 71.29 28.38
DQ6 3.93(3.37-4.58) 1.74E-68 0.81 (0.63-1.05) 0.113 73.67 41.57
B7 2.85 (2.5-3.25) 1.33E-55 1.27 (1.1-1.47) 0.00113 46.36 23.26
DR52 0.41 (0.36-0.47) 1.91E-36 0.68 (0.59-0.79) 3.98E-07 40.16 62.12
DQ8 2.06 (1.78-2.39) 4.26E-22 3.12 (2.66-3.66) 5.88E-45 32.46 18.89
DR11 0.26 (0.2-0.34) 1.15E-21 0.37 (0.28-0.49) 4.26E-12 5.49 18.36
DQ7 0.44 (0.37-0.52) 2.55E-21 0.67 (0.56-0.8) 8.42E-06 19.18 35.19
DQ5 0.40 (0.33-0.49) 1.40E-20 0.52 (0.42-0.63) 5.59E-11 14.07 29.06
Bw4 0.54 (0.48-0.62) 1.50E-19 0.63 (0.55-0.72) 4.02E-11 47.47 62.4
DR7 0.40 (0.32-0.48) 3.08E-19 0.56 (0.45-0.68) 2.89E-08 11.05 23.9
Cw7 2.01 (1.71-2.36) 1.67E-17 1.33(1.13-1.58) 0.000806 68.62 52.07
DR4 1.74 (1.53-1.99) 8.82E-17 2.76 (2.39-3.18) 1.24E-44 42.39 29.67
DR13 0.44 (0.35-0.54) 3.45E-15 0.62 (0.5-0.77) 9.98E-06 10.58 21.37
DQ2 0.56 (0.48-0.65) 1.37E-13 0.83 (0.71-0.98) 0.0269 26.33 38.96
DR1 0.48 (0.39-0.59) 3.46E-12 0.65 (0.53-0.81) 0.000102 10.34 19.5
Bw6 2.32(1.82-2.95) 1.15E-11 1.86 (1.45-2.38) 9.25E-07 92.39 83.97
B60 1.87 (1.54-2.26) 1.69E-10 2.19 (1.79-2.68) 2.98E-14 13.6 777
B35 0.51 (0.41-0.63) 4.65E-10 0.63 (0.51-0.79) 4.09E-05 9.82 17.68
Cw4 0.50 (0.4-0.62) 8.34E-10 0.61 (0.48-0.76) 1.67E-05 12.69 22.63
DR14 0.29 (0.18-0.46) 1.45E-07 0.43 (0.27-0.68) 0.000348 1.93 6.32
B44 0.65 (0.55-0.77) 4.07E-07 0.75 (0.63-0.89) 0.000871 18.32 25.59
Cwl6 0.29 (0.17-0.48) 2.39E-06 0.35(0.21-0.6) 9.17E-05 2.09 6.88
DR17 0.69 (0.58-0.82) 3.24E-05 1.01 (0.84-1.21) 0.935 16.44 22.24
A3 1.33(1.16-1.53) 6.01E-05 1.01 (0.87-1.16) 0.943 31.21 25.42
DQ9 0.52 (0.38-0.72) 9.48E-05 0.72 (0.52-1.01) 0.0543 4.43 8.15
Cw2 0.55 (0.39-0.76) 0.000346 0.64 (0.46-0.9) 0.0102 5.3 9.3
Cw6 0.68 (0.55-0.85) 0.000708 0.79 (0.63-0.99) 0.042 13.11 18.1
cwi0 1.41 (1.16-1.73) 0.000721 1.75 (1.42-2.15) 1.54E-07 17.02 12.67
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