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Abstract
Objectives: To investigate the expression of type I IFN (IFN-I) and neutrophil transcripts in kidney tissue from patients with different classes of
LN and their association with distinct clinical and histopathological features.

Methods: Quantitation of IFN-I, defensin-a3 and formyl peptide receptor-like 1 (FPRL-1) transcripts was performed in kidney biopsy tissue from
24 patients with various classes of LN (6 class III, 14 class IV, 4 class V) and 3 control samples. Patient demographics, glomerular filtration rate
(eGFR) and histopathological characteristics, including activity and chronicity indices, were analysed.

Results: IFNa2 and IFNb transcripts were overexpressed in renal tissues from patients with proliferative forms of LN (III/IV) compared with
patients with membranous nephritis and control kidneys. Patients with LN and impaired renal function, attested by eGFR, displayed higher relative
expression of IFNa2 transcripts in renal tissues compared with those with normal renal function (23.06 16.2 vs 12.06 14.8, P¼0.04). Defensin-
a3, but not FPRL-1, transcripts were overexpressed in LN tissues, particularly those with segmental necrotizing lesions, and were correlated with
higher renal pathological activity indices (r¼0.61, P¼0.02), urinary protein levels (r¼0.44, P¼0.048) and IFNa2 expression (r¼0.50, P¼0.01).

Conclusion: IFN-I transcripts are expressed locally in kidneys from patients with proliferative LN and are associated with impaired renal function.
Elevated defensin-a3 transcripts, a neutrophil product associated with neutrophil extracellular traps, may identify a driver of local IFN-I
expression. These findings provide insights into the mechanisms of proliferative LN and may inform therapeutic decisions regarding selection of
IFN-I pathway inhibitors.
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Introduction

SLE is the prototype systemic autoimmune disease and is
characterized by a wide array of clinical manifestations and
hallmarked by overexpression of both IFN-I–induced and
neutrophil-related transcripts in peripheral blood [1, 2]. LN is
a significant clinical manifestation of SLE, with activation of
the IFN-I pathway and impaired degradation of neutrophil
extracellular traps (NETs) previously identified as potential
pathogenetic contributors [3, 4]. Earlier studies revealed an
association of a peripheral blood IFN-I signature with LN
[5, 6], and higher expression of Long Interspersed Nuclear
Element-1 retroelements (LINE-1; shown to induce IFN-I) in

renal tissues from LN patients was associated with prolifera-
tive forms of LN (III/IV) [7]. Moreover, human neutrophil
peptides 1–3 (also called a-defensins) levels were reported to
be elevated in sera from patients with LN, in association with
urinary protein excretion and activity index in renal tissues
[8]. Though IFN-I–induced genes have been previously found
to be overexpressed in cellular populations of renal biopsies
from LN patients [9], data regarding the local expression of
IFN-Is themselves (as well as neutrophil-related peptides in re-
nal tissues and across distinct pathologic classes) is rather lim-
ited [10]. In the present study, we wished to determine
whether IFN-I and neutrophil-derived defensin-a3 (DEFA3)
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and formyl peptide receptor-like 1 (FPRL-1) transcripts are
overexpressed in kidney tissues from patients with different
classes of LN and associated with distinct clinical and histo-
pathological characteristics.

Patients and methods
Patients

Kidney biopsies from 24 patients with LN were obtained
from the Department of Pathology and Laboratory Medicine
at New York Presbyterian Hospital, New York, NY, and
were classified according to the current revision of the
International Society of Nephrology ISN/RPS classification
criteria for LN (6 class III, 14 class IV, 4 class V) [11], follow-
ing analysis by light microscopy, IF and EM. Eight patients
with proliferative forms of nephritis also had histopathologi-
cal features compatible with membranous type V
(Supplementary Table S1, available at Rheumatology online).
The activity and chronicity indices were evaluated and the
presence of active glomerular lesions, tubulointerstitial or vas-
cular involvement were recorded for all biopsies. Serum creat-
inine levels at the time of renal biopsy were available for the
majority of patients, and the estimated glomerular filtration
rate (eGFR) was calculated.

All but two patients were females between the ages of 11
and 55 at the time of biopsy, fulfilled the EULAR/ACR classi-
fication criteria for SLE [12] and provided informed consent.
Supplementary Table S1, available at Rheumatology online,
displays pertinent demographic, clinical and histopathological
characteristics of the study participants. In addition, control
renal tissue was obtained commercially from Ambion and
from two patients who presented with proteinuria/hematuria
and whose renal biopsies showed no pathology (male individ-
uals ages 8 and 12, respectively). The study complies with the
Declaration of Helsinki. The Institutional Review Boards of
the Hospital for Special Surgery and Weill Cornell Medicine
approved the study and the use of patient tissue samples.

Methods
RNA extraction and gene expression analysis

Total RNA was isolated from stored frozen kidney biopsy
specimens using TRIzol reagent from Invitrogen. All samples
were treated with DNAase I (Qiagen) prior to cDNA synthe-
sis. The TaqMan reverse transcription kit (Applied
Biosystems) was used to synthesize first-strand cDNA from
RNA samples using 0.5 nM of oligo dT primers. Real-time
PCR was performed using a Bio-Rad iCycler system with
iTaq SYBR Green supermix (Bio-Rad). The primers that were
used for the quantitation of the IFN-I (IFNa2 and IFNb),
DEFA3 and FPRL-1 (current gene name FPR2) transcripts
are listed in Supplementary Table S2, available at
Rheumatology online. Data are expressed as relative expres-
sion (RE) compared with a housekeeping gene control.

Statistics

Two-group comparisons of continuous data were assessed us-
ing t-tests, or the Mann–Whitney test when data were not
normally distributed. Correlation between gene expression
data and activity index was determined using the non-
parametric Spearman’s test. Differences were considered sta-
tistically significant for P< 0.05.

Results

As shown in Fig. 1A and B, both IFNa2 and IFNb transcripts
were overexpressed in kidney biopsies from patients with pro-
liferative forms of LN (III/IV) compared with both patients
with membranous LN and control kidneys (RE 20.5 6 16.4
vs 6.9 6 7.6 vs 0.09 6 0.10, P-values 0.07 and 0.001, respec-
tively, for IFNa2). Such a difference was not detected between
patients with membranous LN and controls (P-values 0.40
and 0.99 for IFNa2 and IFNb, respectively). It was of interest
that LN patients with impaired renal function, as attested by
eGFR< 60 ml/min/1.73 m2, displayed higher IFNa2 tran-
script levels in renal tissues compared with those with normal
renal function (RE 23.0 6 16.2 vs 12.0 6 14.8, P¼ 0.04)
(Fig. 1C).

To investigate potential drivers of IFN-I expression in renal
tissues of patients with LN, DEFA3 transcripts, encoding
defensin-a3, a neutrophil antimicrobial product associated
with NETs, as well as transcripts encoding a low-affinity neu-
trophil receptor for N-formyl methionyl peptides (FPRL-1),
were assessed. DEFA3 transcripts were higher in biopsy tis-
sues from patients with proliferative and membranous forms
of LN compared with control tissues (RE 6.9 6 6.3 vs
2.0 6 2.3 vs 0.03 6 0.03, P-values 0.02 and 0.06, respec-
tively) (Fig. 2A), with expression in proliferative LN biopsies
tending to increase from class III to class IV-G (mainly global
lesions) to class IV-S (mainly segmental lesions) (Fig. 2B). The
marginally significant difference detected between patients
with membranous LN and control kidneys might be related to
the relatively small number of patients studied, or possibly the
low activity. No significant differences were detected in
DEFA3 transcripts (or IFN-I transcripts) between pure prolif-
erative (III/IV) and mixed forms (concomitant presence of III/
IV and V) of LN (Supplementary Fig. S1, available at
Rheumatology online), and no significant differences were
observed in FPRL-1 mRNA expression among distinct LN
classes (Supplementary Fig. S2, available at Rheumatology
online).

Of note, there was a strong association between higher ac-
tivity index and DEFA3 transcripts in the renal tissue
(Fig. 2C, r¼ 0.61, P¼ 0.02), suggesting a potential contribu-
tion of neutrophil products to active LN. In addition, a posi-
tive correlation between DEFA3 and IFNa2 transcripts was
noted (r¼ 0.50, P¼ 0.01, Supplementary Fig. S3, available at
Rheumatology online). While no other meaningful associa-
tions were detected between IFN-I or DEFA3 transcript levels
and other histopathological parameters, including tubuloin-
terstitial inflammation, vascular lesions, vascular sclerosis or
tubuloreticular inclusions (data not shown), a significant cor-
relation between DEFA3 transcripts and urinary 24-h protein
levels was detected (r¼ 0.44, P¼ 0.048, Fig. 2D). No signifi-
cant association was seen between IFNa2/IFNb/DEFA3 tran-
script levels and low C3 (data not shown).

Discussion

The present study addresses potential mechanisms of LN in
relation to the patterns of glomerular lesions in renal biopsy
tissue. We found that IFN-I transcripts (both IFNa2 and
IFNb) were elevated in renal tissues from patients with prolif-
erative forms of LN, in association with impaired renal func-
tion. Moreover, DEFA3 transcripts encoding a neutrophil-
derived peptide associated with NETs were overexpressed,
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mainly in the proliferative forms of glomerular disease, where
the presence of neutrophils and/or karyorrhexis are parame-
ters included in the LN activity index, and were associated
with 24-h urinary protein levels.

Our findings are in accord with previous observations sug-
gesting that proliferative classes III/IV of LN are more often
identified in patients displaying high IFN-I activity in their
blood compared with those with low IFN-I activity [13], and
that peripheral blood IFN-I scores from patients with LN
based on IFN-I–induced transcript expression correlate well
with IFN-I scores in renal tissues [9]. Moreover, previous
transcriptomic data from kidney biopsies indicated that
patients with proliferative classes of LN display activation of
the IFN-I system in both their renal tubular cells and in kerati-
nocytes in the skin, in contrast to patients with membranous
LN (class V) [14]. Proteomic analysis of paraffin-embedded
tissues showed that the most significant upregulated pathway
involved in membranous LN was the histone deacetylase class
I pathway, while in proliferative forms of LN, type I and II
IFN pathways were among the highest upregulated pathways
[15]. However, expression of IFN-I transcripts in renal tissues
was not documented in that report or in other studies of pro-
liferative and membranous LN samples characterized using
single-cell transcriptomic analysis [9, 14, 16], potentially due
to transient expression and low mRNA concentration for
those transcripts. In contrast, IFNa at both mRNA and pro-
tein levels has been previously detected in tubular epithelial
cells of patients with class IV LN by in situ hybridization and
immunohistochemistry analysis, respectively [7, 17]. Of note,
glomerular and tubulointerstitial IFN-related transcripts,
along with other immune mediators such as complement,

monocytes and T cell transcripts, were shown to differentiate
treatment non-responders and complete clinical responders
following standard therapeutic regimens for LN [18].

IFN-I plays an essential role in the host immune response to
infection with viruses, but the IFN-I cytokine family is also
central to the immunopathogenesis of SLE, altering the func-
tion of cells of the innate and adaptive immune systems and
promoting autoimmunity [1]. Among its actions, IFN-I pro-
motes chemokine expression and neutrophil chemotaxis as
well as B cell differentiation and autoantibody production [1].
IFN-I can induce apoptosis, and it is associated with collagen
production and fibrosis. In view of IFN-I’s protean biologic
effects, our documentation of local IFNa2 and IFNb expres-
sion in the kidney tissues of patients with proliferative lupus
glomerulonephritis supports its likely contribution to the
immunopathogenesis of LN. Current candidate therapeutics
have the goal of reducing IFN-I production, blocking its re-
ceptor, or inhibiting signalling downstream from the IFN-I re-
ceptor [19]. Expression of IFNa or IFNb in renal tissue, as we
have demonstrated, may be an important determinant of the
efficacy of these therapeutic strategies for LN. The preferential
expression of IFN-I transcripts in kidney biopsy specimens
from patients with proliferative, compared with membranous,
forms of LN indicates that consideration of local IFN-I pro-
duction in relation to pathologic class may be important in the
design of clinical trials of therapeutics as well as for defining
mechanisms of disease. As IFN-I–induced transcripts in pe-
ripheral blood cells and in renal tissue are nicely correlated [9],
assessment of IFN-I pathway activation in a blood sample
may be useful for identification of those patients most likely to
respond to therapeutic agents targeting the IFN-I pathway.

Figure 1. Expression of type I IFN transcripts in proliferative and membranous classes of LN and clinical/histopathological associations. (A and B) IFNa2
and IFNb transcript expression in renal biopsy tissues from patients with proliferative forms of LN (III/IV) compared with patients with membranous

nephritis (V) and control kidneys; filled circles identify the concomitant presence of membranous nephritis. (C) IFNa2 transcript levels in renal tissues from

LN patients with impaired renal function, as attested by eGFR< 60ml/min/1.73m2, compared with those with normal renal function

2536 Clio P. Mavragani et al.



Characterizing the relevant inducers of IFN-I transcription
in LN should provide new understanding of pathogenic mech-
anisms and may identify novel therapeutic targets. To investi-
gate the hypothesis that neutrophil-derived products might
contribute to induction of IFN-I expression in LN, we mea-
sured two neutrophil-related transcripts in the renal tissues:
DEFA3, encoding an antimicrobial protein associated with
NETs, and FPRL-1, a receptor involved in neutrophil activa-
tion. DEFA3, but not FPRL-1, transcripts were significantly
elevated in proliferative LN tissues and showed a moderate
correlation with IFNa2 transcripts. One interpretation of
these results is that augmented NETosis or impaired clearance
of NETs may provide a stimulus for IFN-I production.
Though the association of DEFA3 expression levels with
renal disease activity will require further investigation, we
hypothesize that NETs, in association with lupus autoanti-
bodies, could represent an active inducer of IFN-I in lupus
kidneys, as has been previously shown in in vitro studies, and
thus contribute to renal activity [20]. Serum NET levels are
heightened in incident lupus and LN and correlate with hall-
marks such as anti-dsDNA autoantibodies, low complement
levels and proteinuria [21]. The highest level of DEFA3 was
seen in renal biopsies showing proliferative class IV LN with
mainly segmental lesions, the samples most likely to be associ-
ated with tubular atrophy and fibrosis, suggesting that neu-
trophils may play a particularly important role in those
pathologic lesions that tend to show more necrotizing features
and lesser involvement of immune complex deposits [22].

This study has several limitations. Renal biopsy tissues
were retrieved as frozen stored samples, with incomplete
demographic and clinical data available for some samples.
The lack of detailed clinical information, and the relatively
small number of samples included in each class, particularly
for class V, warrants caution regarding any conclusions re-
lated to clinical associations and distinctions between class III/
IV and class V LN.

In conclusion, IFN-I transcripts, of both IFNa2 and IFNb,
are expressed in renal biopsy tissue from patients with prolif-
erative forms of LN in association with impaired renal func-
tion. Moreover, the increased expression of the neutrophil-
derived transcript DEFA3 points to a potential role for neu-
trophil NETs in IFN-I expression and LN pathogenesis.
These findings justify further analyses of local IFN-I expres-
sion in renal biopsy samples and could provide guidance in
clinical practice, allowing tailored therapeutic approaches
based on the distinct underlying pathogenetic features of LN
classes.

Supplementary data

Supplementary data are available at Rheumatology online.

Data availability statement

The primary data underlying this article will be shared on rea-
sonable request to the corresponding author.

Figure 2. Expression of defensin-a3 (DEFA3) transcripts across distinct lupus nephritis classes and clinical/histopathological associations. (A) DEFA3

mRNA expression in patients with proliferative (III and IV) and membranous (V) forms of LN compared to controls; filled circles identify the concomitant

presence of membranous nephritis. (B) DEFA3 mRNA expression based on pathologic features of proliferative nephritis; IV-G: Class IV LN with

predominant global lesions; IV-S: Class IV LN with predominant segmental lesions. (C) Correlation between activity index in renal biopsy tissues and

DEFA3 transcript expression. (D) Correlation between 24-hour urinary protein levels and DEFA3 transcript expression in renal tissues.
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