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Abstract

Background: Minimal change disease (MCD) is the major cause of childhood idiopathic
nephrotic syndrome, which is characterized by massive proteinuria and debilitating edema.
Proteinuria in MCD is typically rapidly reversible with corticosteroid therapy, but relapses

are common, and children often have many adverse events from the repeated courses of
immunosuppressive therapy. The pathobiology of MCD remains poorly understood. Prior clinical
observations suggest that abnormal T-cell function may play a central role in MCD pathogenesis.
Based on these observations, we hypothesized that T-cell responses to specific exposures or
antigens lead to a clonal expansion of T-cell subsets, a restriction in the T-cell repertoire, and
elaboration of specific circulating factors that trigger disease onset and relapses.
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Methods: To test these hypotheses, we sequenced T-cell receptors in 14 MCD, four focal
segmental glomerulosclerosis (FSGS), and four membranous nephropathy (MN) patients with
clinical data and blood samples drawn during active disease and during remission collected by

the Nephrotic Syndrome Study Network. We calculated several T-cell receptor diversity metrics to
assess possible differences between active disease and remission states in paired samples.

Results: Median productive clonality did not differ between MCD active disease (0.0083; range:
0.0042, 0.0397) and remission (0.0088; range: 0.0038, 0.0369). We did not identify dominant
clonotypes in MCD active disease, and few clonotypes were shared with FSGS and MN patients.

Conclusions: While these data do not support an obvious role of the adaptive immune system
T-cells in MCD pathogenesis, further study is warranted given the limited sample size.

Introduction

Minimal change disease (MCD), characterized by heavy proteinuria greater than 3.5 grams
per day, is often accompanied by the typical clinical manifestations of nephrotic syndrome
including edema, hypoalbuminemia, and hyperlipemia [1, 2]. Despite being a rare kidney
disease, among pediatric patients MCD is the most common form of idiopathic nephrotic
syndrome [3]. Named for the lack of discernable glomerular pathology visible by light
microscopy, MCD is diagnosed by the effacement of podocyte foot processes that is
evident under electron microscopy [4, 5]. The incidence of MCD is approximately two

to seven new cases per 100,000 children [3]. When untreated, MCD is associated with
increased risk for infection [6, 7], thromboembolism [8], and cardiovascular diseases [9, 10],
leading to a greater mortality risk. The proteinuria and symptoms associated with MCD are
often responsive to steroid therapy; however, relapses are common and long-term use of
immunosuppressive therapies is associated with undesirable health consequences [11, 12].

The cause and pathogenesis of MCD are unknown, but several lines of evidence suggest
the involvement of the adaptive immune system. In 1974, Shalhoub suggested that
circulating factors released by abnormal T-cells may be involved in the disease pathogenesis
[13]. Several lines of evidence were offered to support this hypothesis, including the
well-recognized observation that MCD is generally responsive to glucocorticoids [14,

15], which have broad immunosuppressive effects that includes T-cells [16]. Early case
reports compiled in the mid-to-late 1940s describe remission of proteinuria and the
symptoms of nephrotic syndrome in pediatric patients with MCD with measles infection
[17-19]. Interestingly, these phenomena were recognized well enough that two studies
reported outcomes of several individuals who were intentionally inoculated with measles
to treat nephrotic syndrome [18, 20]. Subsequent studies have suggested multiple possible
mechanisms for the suppression of T-cell immune responses mediated by the measles virus
[21].
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The contribution of T cell activation and the adaptive immune response in MCD
pathogenesis remains unclear. Based on earlier observations described in the literature, we
hypothesized that the onset of MCD is triggered by unknown environmental exposure(s)
or antigen(s), which results in T-cell receptor (TCR) activation and clonal expansion of
select T-cells, resulting in reduced overall TCR diversity. To test this hypothesis, we
compared the TCR repertoires during active disease and remission of 14 MCD, four focal
segmental glomerulosclerosis (FSGS), and four membranous nephropathy (MN) patients
ascertained by Nephrotic Syndrome Study Network (NEPTUNE) [22]. After comparing
TCR sequence diversity metrics, we did not identify intra-individual differences for active
disease-remission MCD patient pairs. We also did not identify TCR clonotypes shared
among and specific to MCD patients compared with FSGS and MN patients. While this
small sample does not support a strong response to a single antigen among MCD patients,
further study is needed to identify the factors contributing to the pathogenesis of this rare
kidney disease.

Materials and Methods

Biospecimens and clinical data were acquired from the Nephrotic Syndrome Study Network
(NEPTUNE), a North American multicenter collaborative consortium consisting of 26

sites conducting clinical and translational research for MCD, FSGS and MN [3, 23,

24]. As previously described [22], NEPTUNE is a longitudinal cohort study of patients

with primary nephrotic syndrome based on kidney histopathology. Detailed clinical data
(including immunosuppresive therapy status), kidney biopsy tissue, blood, and urine are
collected by each NEPTUNE clinical center for each consented patient. Immunosuppressive
therapy includes steroids, calcineurin inhibitors, cyclophosphamide, mycophenolate mofetil,
and rituximab [25]. For pediatric patients, parents provided written consent and, when
appropriate, assent was obtained. This ancillary study was approved by the NEPTUNE
Ancillary Study Committee and Steering Committee as well as local Institutional Review
Boards.

For the present study, we selected MCD patients who had a blood sample drawn during

a time of disease activity defined as nephrotic range proteinuria (urine to creatinine ratio
(UPCR) >3.5; “active disease™) and during complete remission (UPCR <0.3; “remission”).
A total of 14 MCD patients met the clinical criteria for this study and who had

sufficient amounts of DNA (~5 micrograms) extracted from both blood samples for
immunosequencing. We also selected other causes of nephrotic syndrome for comparison,
which included four FSGS and four MN patients with paired blood samples and UPCRs that
fit the active disease and remission definition and eGFRs that were as closely matched as
possible to the MCD cohort (i.e., < 15 ml/min). Age matching was not practically possible
as FSGS and MN have late ages of onset on average compared with MCD.

Genomic DNA was extracted and purified from whole blood samples using Qiagen’s
QIlAsymphony (Hilden, Germany) per manufacturer’s protocols. For each genomic DNA
sample, the TCR beta chain CDR3 regions were amplified and barcoded in a two-step
multiplex PCR using Adaptive Biotechnologies’ immunoSEQ kit per manufacturer’s
protocol [26]. Amplicons were sequenced with six replicates using lllumina’s (San Diego,
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California) NextSeq sequencing platform. Amplification and sequencing were performed

by the University of Miami’s Center for Genome Technology. Sequencing data were
transferred to Adaptive Biotechnologies (Seattle, Washington) for quality control, alignment,
and further processing using their bioinformatics pipeline ANALYZER.

For each DNA sample, the Adaptive Biotechnologies” ANALYZER outputs TCR amino
acid sequences and a set of TCR diversity metrics, including total templates (the sum of

the number of biological molecules assayed known as “templates” for all productive and
non-productive rearrangements), total productive templates (the sum of template counts
regardless of uniqueness for all productive rearrangements that are capable of producing

a functional peptide, e.g., the amino acid sequences are in-frame relative to the conserved
cysteine and phenylalanine and are sans stop codons), the fraction of productive templates
(total number of productive templates divided by the total number of templates), the
number of rearrangements (the sum of productive and non-productive unique nucleotide
sequences generated through V(D)J recombination and representative of a unique clonal
lineage), the number of productive rearrangements (the sum of unique clonal lineages
capable of producing a functional peptide), among others. The ANALZYER pipeline also
computes the productive Simpson clonality and the Morisita-Horn index. Derived from

the Simpson’s diversity metric [27], productive Simpson clonality is a proxy for TCR
diversity that describes both clonal frequency “evenness” (low and high evenness indicative
of the presence or absence of dominant clonotypes, respectively) and overall TCR sequence
“richness” (number of unique clonotypes). The value of productive Simpson clonality ranges
from 0 to 1, with a higher value indicating a single dominant clone (representing no diversity
such as that typically observed in patients with a T-cell malignancy, for example) and a
lower value indicating completely even clonal distribution (reflecting maximum diversity

in healthy individuals, for example). As compared to the Shannon clonality, the productive
Simpson clonality tends to be more stable and less affected by variations in the sample
input material or the T-cell fraction [28]. The Morisita-Horn index [29] is a TCR repertoire
similarity metric that also ranges from 0 to 1, with a higher value indicating a higher level
of the pairwise TCR similarity. T-cell repertoires were characterized for each patient both
during active disease and remission.

Whole-genome sequencing (WGS) data at 30x were available for nine out of the fourteen
MCD patients, three out of four FSGS patients, and all MN patients. We used the HLA
Genotype Imputation With Attribute Bagging (HIBAG) [30, 31] to infer the 4-digit HLA
alleles from WGS to characterize the adaptive immune system’s MHC genomic region in
these patients. HIBAG leverages attribute bagging accompanied by the haplotype inference
from the unphased single nucleotide polymorphisms (SNPs) and HLA alleles. In the
process, the HLA-type posterior probabilities are averaged over the classifiers constructed
from bootstrap samples to make the predictions. We relied on the published parameter
estimates for population-specific models for African Americans and European Americans
[31], respectively.

Statistical analyses were performed using PLINK (1.90) [32], R, and VVDJtools [33].
We used unadjusted paired tests and ANOVAS to test for differences in TCR repertoire
diversity between active disease and remission among MCD, FSGS, and MN patients,
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respectively. The VDJtools software was employed to perform the comparative analysis
of TCR repertoires. The hierarchical clustering of the pairwise TCR similarity and the
clonotype overlap for the patients was constructed and determined using VVDJtools software.

We sequenced the TCR beta chain using genomic DNA extracted from blood samples drawn
during active disease, defined as nephrotic range proteinuria with urine protein creatinine
ratio (UPCR) > 3.5, and complete remission, defined as UPCR < 0.3, for 14 patients with
MCD. For comparison, we also sequenced paired samples for patients with FSGS (n=4)
and MN (n=4), two causes of nephrotic syndrome with distinct histopathologic patterns
from MCD. The median time between active disease and remission patient pair sampling
was ~12, 6, and 16 months for MCD, FSGS, and MN patients, respectively. The MCD
patient group was majority male and European-descent with median UPCR of 15.14 and
0.07 at active disease and remission, respectively (Table 1). The majority of MCD patients
(64%) had received immunosuppressive therapies prior to NEPTUNE enrollment (Table 1).
The majority of MCD patients were also receiving immunosuppresive therapy during active
disease (71%) and remission (86%). Only one MCD patient was free of any therapy at the
time of exam during active disease and remission. Age at baseline visit was statistically
different across the three groups, where MCD patients had the lowest median (6.5 years)
compared with FSGS and MN patients. The median UPCR for MCD patients during active
disease is higher than FSGS and MN patients, while the median UPCR for patients during
complete remission is similar across three groups. Among MCD patients with available
WGS (n=9), we observed 13, 13, and 10 distinct HLA-A, HLA-B, and HLA-C Class |
alleles, respectively, and 13, 10, 9, and 8 distinct HLA-DRB1, HLA-DQA1, HLA-DPAL,
and HLA-DPB1 Class Il alleles, respectively. No single HLA allele dominated either Class |
or Class Il distributions among MCD, FSGS, or MN cases with WGS (Table 1).

We evaluated the diversity of the TCR repertoire for MCD, FSGS, and MN cases during
remission and during active disease using two metrics. First, we focused on basic overall
clonotype population diversity metrics, including the number of templates, rearrangements,
and productive Simpson’s clonality (Table 2). In paired analyses, none of these metrics were
significantly different when active disease is compared with remission status for any of the
three patient groups (Table 2). Overall clonotype population diversity metrics were similar
across MCD, FSGS, and MN during active disease (ANOVA,; p>0.05 for all comparisons).
During remission, however, productive Simpson clonality was lower in MCD compared with
FSGS and MN (ANOVA, p=0.0217; Supplementary Table 1).

While lower productive Simpson clonality (higher TCR diversity) among MCD patients
compared with FSGS and MN patients may be expected given the age differences in the
patient population [34, 35], the absence of differences between active disease and remission
samples was somewhat unexpected. A closer examination of productive Simpson clonality
among MCD patients revealed outliers in both disease and remission samples (Fig. 1).
None of the outliers can be explained by obvious patterns related to age or status of
immunosuppressive therapy (data not shown). Stratification by immunosuppressive therapy
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status at the time of sampling did not reveal differences in median productive Simpson
clonality (Supplementary Table 2).

Although there was no consistent change in the TCR repertoire diversity evenness stratified
by disease status, we hypothesized that there may be greater similarity of clonotypes present
in the setting of active disease compared with remission. To examine this possibility, we
calculated pairwise TCR repertoire similarity using the Morisita-Horn index to describe
intra-individual (active disease-remission pairs) and inter-individual (between individual
MCD patients) clonotype diversity. We visualized this intra- and inter- individual clonotype
similarity by constructing a dendrogram of the Morisita-Horn index for the MCD, FSGS,
and MN patients both during active disease and during complete remission. From this
visualization (Fig. 2), we observed that the paired samples from the same MCD, FSGS,
and MN patients tend to cluster together, suggesting a higher similarity among clonotypes
in each individual regardless of disease status as compared to the samples from different
patients with the same disease regardless of remission or active disease status. Overall,
relatively few clones (38,751) are shared between active disease (774,955) and remission
(874,814) MCD patient clonotypes (Table 3) or between MCD-FSGS combined patient
groups and MN clonotypes (data not shown).

Discussion

MCD has been described as a disease of T-cell dysfunction [13]. Although the cause

of MCD is not yet known, several observations suggest the involvement of the adaptive
immune system. Corticosteroids, which at high dose suppress T-cell function, are the

first line effective treatments for patients with steroid sensitive nephrotic syndrome [36].
These observations evoked the hypothesis that the presence of a soluble factor suppresses
T-cell proliferation, resulting in steroid sensitive nephrotic syndrome or MCD. While this
soluble factor has yet to be identified, recent genome-wide association studies have further
implicated the adaptive immune system with the identification of common MHC class Il
variants associated with steroid sensitive nephrotic syndrome [37-42].

Given the evidence for the involvement of T-cells in MCD pathogenesis, we sought to
characterize the TCR repertoire during active disease and remission among participants
diagnosed with MCD compared to individuals with FSGS, and MN. If MCD disease status
were triggered by an environmental or soluble factor, we would expect that TCR sequences
would demonstrate 1) greater diversity for MCD patients during remission as compared to
the paired sample during active disease; and 2) shared TCR clones among the MCD patients
during active disease, leading to a higher level of similarity. However, despite the evidence
that T cell dysregulation and/or dysfunction are closely associated with MCD pathogenesis
[43-46], we did not detect differences in TCR diversity between MCD patients in complete
remission versus active disease. We also observed higher TCR repertoire similarity within
the same individual regardless of nephrotic syndrome diagnosis or disease activity.

While the data presented here do not support a clonal T-cell response in active MCD, there
are several notable limitations of the study. First, the sample size for each group is small,
limiting statistical power. TCR diversity in healthy participants suggests metrics such as
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Simpson’s clonality can vary widely (for example, 0.002 to 0.44) [28] and is inversely
correlated with age. Simpson’s clonality observed in this sample of MCD participants is
very low and is within the range reported for healthy children. The per-person change

in clonality between active disease and remission is small, although within the range
reported for response to influenza vaccination [47]. Larger samples sizes will be necessary
to detect evidence of clonal expansion for an MCD pediatric patient population given the
low clonality values and small changes between states.

The small sample sizes also precluded adjustment for confounding by age,
immunosuppressive treatment status, and variation in time between active disease and
remission sampling. Increased age is associated with a contraction in the TCR repertoire
diversity as expected [34, 35]. In addition, MCD is a heterogeneous condition, and the
MCD patients had different statuses regarding the immunosuppression therapy during active
remission and/or remission as well as differences in time between the two blood draws. Prior
studies have shown immunosuppression can affect the TCR repertoire. Most of the MCD
patients in the present study were on immunosuppressive therapy both during active disease
and remission (Supplementary Table 2), making it difficult to characterize the effects, if
any, of therapy on the TCR repertoires observed here. Larger sample sizes are required for
stratified adjusted analyses that incorporate potentially important variables such as age as
well as immunosuppressive therapy.

Similarly, we were unable to stratify TCR diversity metrics by demographics or HLA status.
WGS data were only available for a subset of the patients with TCR sequences. When
comparing the inferred HLA alleles across MCD, FSGS, and MN, we did not observe
specific patterns nor dominant alleles. In general, the confidence for inferring HLA alleles
from the WGS data for African Americans in this study was lower across all three nephrotic
syndrome groups, presumably due to the increased nucleotide diversity in this population
compared with European-descent populations. Also, the samples used to construct the
African American model are limited as compared to that for the European Americans:

the former was built on the HLARES data from GlaxoSmithKline clinical trials of African
ancestry (n = 173) and African Americans of HapMap Phase 2 (n = 60) while the latter

was generated from HLARES data from GlaxoSmithKline clinical trials data of European
ancestry (n = 2,668) [31], which would further affect the confidence of the inferring process.

Our inability to further examine the MHC region, alone and combined with TCR clones

in the present study, may have contributed to the lack of differences observed between
paired active disease and remission samples. The initiation and regulation of the adaptive
immune responses are related to the binding between TCRs and antigens presented by MHC
molecules [48]. The MHC region, which is mapped to the short arm of chromosome 6,
harbors the HLA genes in humans. The genes in the MHC regions encode the cell surface
proteins, the MHC molecules, which are important for the adaptive immune responses

and are involved in multiple human diseases, such as autoimmune diseases [49-51] and
infectious disease [52]. Notably, the adaptive immune system is highly variable as a tailored
response to the diversity of pathogens or antigens encountered by humans. The ability for
the active immune system to diversify to fight different pathogens could be attributed to a
diverse TCR repertoire and also related to the germline variations within the MHC.
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It is possible that TCR sequence differences between active disease and remission groups
and/or across MCD, FSGS, and MN exist but were not detected in this study. Rare clones
may have been missed or undercounted, and this along with expected stochastic sampling
bias and experimental error may have impacted the observed diversity metrics. We employed
a strict exact match comparison of TCR amino acid sequences, which resulted in a small
number of identified shared clonotypes. Also, we immunosequenced DNA extracted from
whole blood; future studies may benefit from T-cell sorting prior to the immunosequencing
to better differentiate the types of T cells that may be involved in MCD pathogenesis.

The heterogeneity of nephrotic syndrome and its low frequency in the general population
make the study of MCD and other causes of nephrotic syndrome difficult. Definitive
diagnosis of nephrotic syndrome is invasive, compounding the challenges to amassing
sample sizes sufficient for study. Here we leveraged NEPTUNE, one of the largest ongoing
cohort studies of nephrotic syndrome with biospecimes and genomic data available for
study. While NEPTUNE has one of the largest sample sizes from which to draw, study
designs such as the one described here that require repeated biospecimen collection during
the clinical course of the disease further restrict the already limited sample size. Further,
the protocol used for immunosequencing requires micrograms of DNA, a large amount that
precluded inclusion of participants who met the study criteria clinically but who did not
have sufficient amounts of DNA extracted from both blood draws. Larger samples made
possible by consortia such as NEPTUNE as well as advancements in immunosequencing
technologies are needed to assess the adaptive immune response in patients with nephrotic
syndrome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Productive Simpson clonality for minimal change disease patients during active disease
and during remission (n = 14)

Fig. 1. a The box plot of productive Simpson clonality visualizes the comparison of the
mean TCR diversity between the samples drawn from MCD patients during active disease
and those during complete remission. Fig. 1. b The line plot of productive Simpson
clonality shows changes of the TCR diversity between the sample drawn from MCD
patients during active disease and the corresponding sample during complete remission
from the same patient. Each dot represents a sample and the line links the samples from
the same individual. A dotted line denotes an increase in productive Simpson clonality from
active disease to remission for the paired sample, while a solid line denotes a decrease in
productive Simpson clonality from active disease to remission for the paired sample.
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Fig. 2. Hierarchical clustering of Morisita-Horn index for the MCD, FSGS, and MN patients
both during active disease and during remission

The dendrogram is constructed of the Morisita-Horn index, a metric to quantify the pairwise
TCR similarity, for the 14 minimal change disease (MCD) patients, four focal segmental
glomerulosclerosis (FSGS) patients, and four membranous nephropathy (MN) patients
during active disease and during remission. Morisita-Horn index takes a value between 0
and 1, with the higher value indicating a more similar TCR repertoire.
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Table 1.
Demographic and clinical characteristics of patientsin the present study.

Data shown are from patients with minimal change disease (MCD; n =14), focal segmental glomerulosclerosis
(FSGS; n = 4), and membranous nephropathy (MN; n = 4) ascertained by the Nephrotic Syndrome Study
Network (NEPTUNE). Paired observations of urine protein to creatinine ratio (UPCR) are available for each
patient: one during active disease and the other during remission. Active disease is defined as UPCR > 3.5 and
UPCR < 0.3 is considered to be complete remission according to the NEPTUNE definition. Whole-genome
sequencing data were available for nine of fourteen MCD patients, three of four FSG patients, and all MN
patients included in this study. We inferred major HLA Class | HLA-A, HLA-B, HLA-C) and Class Il (HLA-
DRB1, HLA-DQA1, HLA-DQB1, and HLA-DPB1) alleles using HIBAG as described in the main text. Values
are presented as median [interquartile range] unless otherwise indicated.

MCD FSGS MN
(n=14) (n=4) (n=4)
Age at basdlinevisit (years) | 6.50 9.50 63.50
[3.25,10.00] | [4.00,29.75] | [58.25, 69.25]
Female (%) 35.7 100.0 50.0
European-descent (%) 57.1 25.0 75.0
UPCR
During active disease 15.14 4.43 3.56
[7.95,16.78] | [3.21,6.90] | [3.10,4.97]
During remission 0.07 0.11 0.03
[0.04,0.15]] | [0.09,0.16] | [0.03,0.04]
Immunosuppressive ther apy
Previous to enrollment (%) 64.29 25.0 0
During active disease (%) 71.43 50.0 25.0
During remission (%) 85.71 75.0 50.0
HLA-A (%)
01:01 10.71 25.00 25.00
02:01 10.71 25.00 12.50
Other 42.86 25.00 62.50
Unknown 35.71 25.00 0.00
HLA-B (%)
08:01 10.71 12.50 25.00
53:01 10.71 12.50 12.50
Other 42.86 50.00 62.50
Unknown 35.71 25.00 0.00
HLA-C (%)
04:01 10.71 0.00 12.50
07:01 10.71 12.50 25.00
Other 42.86 62.50 62.50
Unknown 35.71 25.00 0.00
HLA-DRB1 (%)
03:01 10.71 12.50 50.00
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MCD FSGS MN
(n=14) (n=4) (n=4)
07:01 10.71 25.00 0.00
13:01 10.71 0.00 0.00
Other 32.14 37.50 50.00
Unknown 35.71 25.00 0.00
HLA-DQA1 (%)
02:01 17.86 12.50 0.00
05:01 10.71 12.50 50.00
Other 35.71 50.00 50.00
Unknown 35.71 25.00 0.00
HLA-DQBL1 (%)
02:01 17.86 12.50 50.00
02:02 10.71 25.00 0.00
03:01 10.71 0.00 25.00
Other 25.00 37.50 25.00
Unknown 35.71 25.00 0.00
HLA-DPB1 (%)
01:01 17.86 25.00 25.00
04:01 10.71 12.50 25.00
Other 35.71 37.50 50.00
Unknown 35.71 25.00 0.00
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