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immunoglobulin A nephropathy (IgAN) at high risk

of progression to kidney failure (accelerated approval:
US Food and Drug Administration; conditional approval:
European Medicines Agency).'” Nefecon delivers budeso-
nide, in a targeted formulation, to the gut-associated
lymphoid tissue (GALT) of the ileum directly addressing im-
mune dysregulation within this Peyer’s patches—rich area of
the GALT and downregulating the local production of the
polymeric poorly O-galactosylated form of IgAl or
galactose-deficient IgA1 (Gd-IgAl) and generation of patho-
genic IgA-containing immune complexes (IgA-IC).” The
aim of the current analysis is to explore the biochemical path-
ways through which Nefecon exerted its effects in patients
treated in the NEFIGAN study.

N efecon is the first approved treatment for patients with

METHODS

NEFIGAN (ClinicalTrials.gov: NCT01738035) was a randomized,
double-blind, placebo-controlled, phase 2b trial to assess the safety
and efficacy of Nefecon in patients (=18 years) with IgAN and overt
proteinuria despite optimized renin-angiotensin-aldosterone system
blockade therapy.2 Patients (n = 150) were stratified according to the
baseline urine protein-creatinine ratio (<0.9 g/g and >0.9 g/g) and
were randomized (1:1:1) to Nefecon 8 mg/d, Nefecon 16 mg/d, or
placebo. After a 6-month run-in phase, patients underwent a 9-
month treatment phase followed by a 3-month follow-up phase.
Blood and urine samples were collected during the trial and
exploratory analyses of a range of IgAN-related biomarkers were
conducted, using in-house enzyme-linked immunosorbent assays,
commercial enzyme-linked immunosorbent assay duo kits, and
multiplex immunoassays. A full description of the methods is pro-
vided in Supplementary Methods. All ELISAs are listed
in Supplementary Table SI, and the Luminex assays used for the
biomarker analyses are shown in Supplementary Table S2.

RESULTS

Patient demographics and baseline characteristics are given in
Supplementary Table $3.” Changes from baseline in multiple
biomarkers were observed at 9 months, as described below,
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Figure 1| Change from baseline by treatment group in biomarkers demonstrating the disease-modifying effect of Nefecon at 9
months. (a) IgA1 concentration (g = 0.0656), total IgG (g = 0.2491), total IgA (g = 0.3955). (b) IgA/IgG immune complexes (g < 0.0001),
galactose-deficient (Gd)-IgA1 (g = 0.0163). False discovery rate (FDR) g values for Nefecon 16 mg versus placebo presented in brackets.

and at 12 months, as shown in Supplementary Figure S1 and
Supplementary Tables S4 and S5.

Nefecon modifies biomarkers of mucosal integrity and GALT
activation
Fatty acid-binding protein 2 (FABP2) or intestinal-type
FABP is expressed in epithelial cells of the mucosal layer of
the small intestine tissue. When intestinal mucosal damage
occurs, FABP2 is released into the circulation, and its plasma
concentration increases, allowing it to be used as a nonin-
vasive biomarker to evaluate gut wall integrity loss and
inflammation.” Treatment with Nefecon 16 mg/d resulted in
a reduction in FABP2 (Supplementary Table S6,
Supplementary Figure S2), consistent with a direct effect of
Nefecon on the ileal mucosal epithelium. However, signifi-
cant changes were not observed in FABP6 or zonulin, 2 other
proposed biomarkers of mucosal integrity (Supplementary
Table S7).°

IgAN is associated with elevated systemic IgA antibody
levels in response to a range of mucosally encountered an-
tigens, and this has been interpreted as supportive of a
dysregulation of mucosal-associated lymphoid tissue func-
tion in IgAN.® As a measure of GALT antibody production,
IgA antibody levels to 2 commonly encountered dietary
antigens were measured, and it was observed that treatment
with Nefecon 16 mg/d significantly reduced systemic levels
of IgA antibodies against gliadin and casein, with a smaller
but significant drop in IgA antibodies to the systemically
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encountered vaccine antigen tetanus toxoid” (Supplementary
Table S6, Supplementary Figure S2).

Secretory IgA (sIgA) is exclusively produced at mucosal
surfaces. In healthy individuals, very little sIgA enters the
circulation. IgAN is associated with elevated circulating levels
of sIgA and mesangial sIgA deposition.” The levels of sIgA in
the circulation decreased after Nefecon treatment
(Supplementary Table S6, Supplementary Figure S2).

Nefecon exerts a disease-modifying effect in IgAN
Treatment with Nefecon 16 mg/d resulted in a selective
reduction in IgAl and, more importantly, significant re-
ductions in both Gd-IgAl and IgA-/IgG-IC (Figure 1,
Supplementary Table S6), supportive of a direct effect of
Nefecon on the underlying pathogenic pathways in IgAN.

Nefecon modifies B-cell survival factors, biomarkers of
lymphocyte activation, and mucosal homing

Of the immune- and inflammation-related biomarkers
studied (Supplementary Tables S6 and S7), 11 bio-
markers (B-cell activating factor [BAFF]/B-lymphocyte
stimulator/tumor necrosis factor receptor superfamily
member 13B [TNFRSF13B], B-cell maturation antigen/
TNFRSF17, C-C motif chemokine ligand 11 [CCL11],
CCL19, CCL20, C-X-C motif chemokine ligand
[CXCL5], CXCL13, interleukin 18 binding protein iso-
form o, soluble cluster of differentiation 23 [sCD23]/
FceRII, sCD27, and sCD30 [TNFRSF8]) were identified
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Figure 2| Change from baseline by treatment group in biomarkers suggesting a possible effect from Nefecon on the immune system
at 9 months. (a) A proliferation-inducing ligand (APRIL; g = 0.0656), B-cell activating factor (BAFF; g < 0.0001), and B-cell maturation antigen
(BCMA; g = 0.0076). (b) Soluble cluster of differentiation 23 (sCD23; g < 0.0001), sCD27 (g < 0.0001), and sCD30 (g = 0.0181). (continued)
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Figure 3| Correlations between biomarkers of interest in patients treated with Nefecon (8 mg/d + 16 mg/d) at 9 months. (a) Cluster
of differentiation 27 (CD27)/B-cell maturation antigen (BCMA) and B-cell activating factor (BAFF)/CD27. (b) C-X-C motif chemokine ligand 5
(CXCL5)/CXCL6 and BAFF/C-C motif chemokine ligand 19 (CCL19). Figures refer to biomarkers for which a relative change from baseline using
robust regression measured in plasma was significant for both biomarkers using observed P values in the Nefecon 16 mg group at 9 months.
Meaningful correlations (Spearman coefficient = 0.5 or = 0.5) were not reported in urine/urine.

that were significantly modulated after 9 months of
treatment with Nefecon 16 mg/d and 3 biomarkers (a
proliferation-inducing ligand [APRIL]/TNFRSF13,
CCL13, and CXCL6) were identified that required further
validation (Figure 2, Supplementary Table S6, Supplementary
Figures S2 and S3). Testing for correlations between changes
in these immune- and inflammation-related biomarkers
revealed multiple significant associations at both 9 (Figure 3,
Supplementary Figure S4) and 12 months (Supplementary
Figures S5 and S6). To determine whether these associa-
tions were biologically relevant, a protein-protein interaction
network was created, incorporating all of these biomarkers
using data from STRINGdb (Figure 4a). To identify over-
represented biologic functions, a functional analysis was

performed in STRINGdb (Figure 4b—j), which suggested a
mechanism of action for Nefecon in the modulation of the
Ig complex (Figure 4h), a drug action at the level of the
lymphoid follicle (Figure 4g), and a mechanism of action
involving modulation of the intestinal immune network for
IgA production (KEGG [Kyoto Encyclopedia of Genes and
Genomes] pathways; Figure 4e).

Nefecon modifies biomarkers of kidney inflammation and
remodeling

Patients in the NEFIGAN study did not have a kidney biopsy
at the end of treatment, so it is only possible to assess changes
in the extent of kidney inflammation and scarring by using
surrogate serum, plasma, and urine biomarkers.

A
|

Figure 2 | (continued) (c) C-C motif chemokine ligand 11 (CCL11; g = 0.0023), CCL13 (g = 0.0594), and CCL19 (g < 0.0001). (d) CCL20 (g =
0.0023), C-X-C motif chemokine ligand 5 (CXCL5; g = 0.0231), and CXCL6 (g = 0.0594). (e) CXCL13 (g = 0.0132) and interleukin 18 binding
protein isoform o (IL-18BPa; g < 0.0001). False discovery rate g values for Nefecon 16 mg versus placebo presented in brackets.
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Figure 4| PPl network of immune system biomarkers significantly modulated by treatment with Nefecon. (a) The immune system
biomarkers modulated after 9 months of treatment with Nefecon 16 mg/d are depicted as a protein-protein interaction network (STRING).
(b-j) Each table lists the 5 strongest associated pathway terms identified (3 in f) for the generated interactome. CCL, C-C motif chemokine

ligand; CCR, C-C motif chemokine receptor; CD, cluster of differentiation;

CXCL, C-X-C motif chemokine ligand; CXCR, C-X-C motif chemokine

receptor; FCER, Fc epsilon receptor; GP, gene ontology; GPR29, CCRG; IL, interleukin; IL-18BPa, interleukin 18 binding protein isoform a; TNFRSF,
tumor necrosis factor receptor superfamily member; TNFSF, tumor necrosis factor superfamily member.

Levels of plasma and urine sCD163 have been consistently
reported as sensitive biomarkers of inflammation and
increased levels have been found in numerous proin-
flammatory conditions, including lupus nephritis and cres-
centic glomerulonephritis.”'’ Consistent with a treatment-
related reduction in glomerular inflammation, treatment
with Nefecon 16 mg/d resulted in a significant reduction in
urine sCD163/creatinine (Cr) excretion (Supplementary

Kidney International (2024) 105, 381-388

Table S8, Supplementary Figure S3), which correlated with
urine excretion of dickkopf-3, a biomarker of tubulointer-
stitial inflammation and fibrosis (Supplementary Figure S4).""

Nefecon treatment also significantly reduced the compo-
nents of the alternative (plasma mannose-binding lectin-
associated serine protease 3) and lectin (urine mannose-
binding lectin/Cr) pathways (Supplementary Table S8,
Supplementary Figure S3), with changes in complement
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excretion correlating with changes in urine sCD163 and
dickkopf-3 excretion, consistent with a treatment-related
reduction in factors driving glomerular and tubulointer-
stitial inflammation and fibrosis (Supplementary Figure S4).

To assess kidney tissue remodeling and fibrosis, the pre-
treatment and post-treatment plasma and urine levels of the
collagen type III degradation marker (C3M; a fragment of
type III collagen released by matrix metalloproteinase—
mediated extracellular matrix degradation) and propeptide
of type VI collagen (a fragment of C-terminal type VIo3
collagen released during extracellular matrix formation) were
compared. Nefecon treatment resulted in significant decreases
in plasma C3M and propeptide of type VI collagen levels and
an increase in urine C3M/Cr excretion (Supplementary
Tables S6 and S8, Supplementary Figure S3), consistent
with a treatment-related effect on kidney tissue remodeling.

DISCUSSION

There is a growing body of evidence supporting a “kidney—
gut” axis in IgAN, which includes marked similarities be-
tween the physicochemical properties of mesangial IgA de-
posits and mucosally derived IgA, the demonstration of
dysregulated mucosal IgA responses to a variety of antigens,
and, perhaps most strikingly, the pathway analysis of a large
meta-analysis of genome-wide association studies that iden-
tified the intestinal immune network for IgA production as
the most enriched KEGG pathway in IgAN.'>"’

For the first time in a randomized clinical trial in IgAN,
significant reductions in levels of both serum Gd-IgAl and
IgA-/IgG-ICs in response to treatment were demonstrated,
supportive of Nefecon having a disease-modifying action in
IgAN. By comparison, in a small, short-term, uncontrolled
study of 14 patients with IgAN treated with prednisone 60
mg/d/m* (to a maximum of 80 mg in 24 hours), Gd-IgAl
levels and IgA-/IgG-IC dropped by approximately 30% and
15%, respectively, at 30 days (total IgA levels also fell signif-
icantly over this period)."* Although it is not possible to
directly compare these 2 studies, it is worth noting that
prednisolone 60 mg/d/m? is broadly equivalent to the dose of
corticosteroid used in the Therapeutic Evaluation of Steroids
in IgA Nephropathy Global (TESTING) study, which had to
be prematurely halted because of safety concerns in the
corticosteroid-treated group.'”

To determine whether there was a local action of bude-
sonide in the ileal GALT, a number of biomarkers of GALT
activity were measured. sIgA is exclusively produced at
mucosal surfaces, and a reduction in serum sIgA levels was
shown, which, in combination with reductions in IgA anti-
bodies to the GALT-encountered antigens, casein and gliadin,
is consistent with a direct effect of budesonide on the GALT.
These observations will require validation and are included in
the biomarker panel for the ongoing analyses of the phase 3
NeflgArd study. It has been proposed that IgAN can be
associated with subclinical mucosal inflammation and
increased mucosal permeability, and this is, in part, supported
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by the large meta-analysis of genome-wide association
studies, which identified multiple IgAN susceptibility loci that
are implicated in the protection of gut integrity and associated
with a predisposition to inflammatory bowel disease.'” Three
putative serum biomarkers of mucosal integrity were
measured in the NEFIGAN study with mixed results.
Although serum levels of FABP2 dropped after Nefecon
treatment, supportive of a direct action of budesonide at the
mucosal surface,'® there were no changes in FABP6 or zon-
ulin levels.

Peripheral blood mononuclear cells were not collected in
the NEFIGAN study; however, having shown reductions in
serum Gd-IgAl and IgA-/IgG-ICs, we wished to further
explore the possible impact of Nefecon on both GALT-
resident and trafficking immune cells in IgAN. In particular,
we were interested in the effect of Nefecon on chemokine
signaling because defective mucosal lymphocyte trafficking has
been reported in IgAN.W’]8 Of the 20 chemokines measured,
changes were observed in the levels of CCL11, CCL13, CCL19,
CCL20, CXCL5, CXCL6, and CXCL13. Notably, all these
chemokines are constitutively expressed in the small intestine,
and serum levels are increased in response to inflammatory
stimuli.'”*" Significantly, lymphocyte homing to the GALT
depends on the coordinated signaling through C-C motif
chemokine receptor 7 (CCR7), CCR9, C-X-C motif chemo-
kine receptor 4 (CXCR4), and CXCR5.%! CCL20, the single
chemokine ligand for CCRS, is selectively made by the follicle-
associated epithelium overlying Peyer’s patches. CCL20 con-
tributes to the recruitment of CCR6-expressing B cells to
Peyer’s patches, whereas CCL19 recruits CCR7-expressing T
cells to the GALT.***® CXCL13 is a ligand for CXCR5 and plays
a major role in organizing both B-cell follicles and germinal
centers and controlling the trafficking of CXCR5-positive B
and T cells from the blood into the follicles.”*

As the pattern of chemokine changes seen after exposure
to Nefecon was consistent with an effect at the level of the
GALT, levels of BAFF, APRIL, and their soluble receptors B-
cell maturation antigen and transmembrane activator and
calcium modulator cyclophilin ligand interactor were
measured; these are key regulators of B-cell survival, matu-
ration, and homeostasis and play critical roles in IgA class
switch recombination and IgA responses within the
GALT.>>*® Overexpression of BAFF within the intestinal
lamina propria is associated with the development of an
IgAN-like disease in BAFF transgenic mice, and over-
expression of APRIL within the mucosal-associated lymphoid
tissue has been reported in IgAN and correlated with the level
of circulating IgA-IC.””*® Available data from phase 1 and 2
studies of the APRIL inhibitors sibeprenlimab and zigakibart
and the APRIL/BAFF inhibitors atacicept and telitacicept
further support a central role for the BAFF/APRIL axis in
IgAN.>”"* Reductions were observed in the serum levels of
BAFF, APRIL, and soluble B-cell maturation antigen after
treatment with Nefecon, consistent with a direct effect of
budesonide on the BAFF/APRIL axis and a disease-modifying
action in IgAN.
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As we were restricted to evaluating changes in the circu-
lating, rather than tissue, levels of each biomarker, and were
therefore uncertain of the actual site where modulation
occurred, we undertook pathway analyses to determine
whether biomarkers that were significantly modulated by
Nefecon, including those surrogate biomarkers of immune
cell activation (sCD23, sCD27, and sCD30), were associated
with any particular biological processes and pathways.
Consistent with the large meta-analysis of genome-wide as-
sociation studies, the intestinal immune network for IgA
production was identified as one of the most enriched KEGG
pathways, indicating that the mechanism of action of Nefecon
is, at least in part, driven by an effect within the GALT.

Finally, we assessed whether there was any effect of Nefe-
con on the development of glomerular and tubulointerstitial
inflammation and fibrosis. A panel of complement proteins
and biomarkers of extracellular matrix turnover in the plasma
and urine were measured. At 9 months, changes were seen
that were indicative of resolving inflammation with re-
ductions in urinary sCD163 and mannose-binding lectin
excretion, which paralleled drops in urinary dickkopf-3/Cr
excretion, alongside declines in plasma C3M and propeptide
of type VI collagen levels and an increase in urinary C3M/Cr
excretion, consistent with ongoing modulation of extracel-
lular matrix turnover in the kidneys.”'*"?

Many of the effects of Nefecon on measured biomarkers
were found to be partially reversed by the end of the study,
supporting a direct effect of Nefecon on these key pathogenic
pathways. How these changes impact long-term clinical out-
comes after treatment cessation will be evaluated further in
NeflgArd study analyses.

Key limitations of this study include the limited number of
time points where exploratory samples were collected and the
short duration of the study, which do not allow determination
of the kinetics of the biomarker responses or the relationship
between biomarker changes and subsequent rate of kidney
function decline. It is important to note that the rate of
missing data in this study was high (up to 33% in the Nefecon
arms and 20% in the placebo arm). As a result, we cannot be
certain that the findings would still apply had all patients
recorded data at 9 and 12 months. However, the reasons for
missing data were largely driven by early discontinuation from
treatment, with the reasons for discontinuation being largely
unrelated to efficacy. Therefore, we believe that the presen-
tation of these data remains highly informative ahead of
confirmation in the NeflgArd study. An initial mediation
analysis was performed™” to explore the extent to which
changes in biomarkers predict changes in the clinical end-
points of the urine protein-to-creatinine ratio and estimated
glomerular filtration rate at 9 months. However, the ability to
make meaningful conclusions regarding the presence or
absence of a relationship was severely hampered by the
sample size, as such analyses typically require much larger
patient numbers. These limitations will be addressed in the
NeflgArd study, where there will be a more intensive
biomarker sampling schedule over the full 2 years of the trial.
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These samples will be used to validate the findings of this
study and examine the relationship between biomarker
changes and 2-year kidney function.

These data are the largest published panel of exploratory
biomarkers evaluated in a randomized clinical trial of a
relatively new therapy in IgAN. Collectively, the data are
consistent with a disease-modifying effect of Nefecon medi-
ated through the modulation of the GALT in the terminal
ileum. Validation studies using the NeflgArd study cohort will
deliver much needed clarity on the importance of the “gut-
kidney” axis in the development of IgAN.
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