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Lupus nephritis (LN) is a pathologically heterogenous autoimmune disease linked to end-stage
kidney disease and mortality. Better therapeutic strategies are needed as only 30%-40% of
patients completely respond to treatment. Noninvasive biomarkers of intrarenal inflammation
may guide more precise approaches. Because urine collects the byproducts of kidney inflammation,
we studied the urine proteomic profiles of 225 patients with LN (573 samples) in the longitudinal
Accelerating Medicines Partnership in RA/SLE cohort. Urinary biomarkers of monocyte/neutrophil
degranulation (i.e., PR3, S100A8, azurocidin, catalase, cathepsins, MMP8), macrophage activation
(i.e., CD163, CD206, galectin-1), wound healing/matrix degradation (i.e., nidogen-1, decorin), and IL-
16 characterized the aggressive proliferative LN classes and significantly correlated with histological
activity. A decline of these biomarkers after 3 months of treatment predicted the 1-year response
more robustly than proteinuria, the standard of care (AUC: CD206 0.91, EGFR 0.9, CD163 0.89,
proteinuria 0.8). Candidate biomarkers were validated and provide potentially treatable targets. We
propose these biomarkers of intrarenal immunological activity as noninvasive tools to diagnose LN
and guide treatment and as surrogate endpoints for clinical trials. These findings provide insights
into the processes involved in LN activity. This data set is a public resource to generate and test
hypotheses and validate biomarkers.

Introduction

Lupus nephritis (LN) is a leading cause of morbidity and mortality in patients with systemic lupus erythema-
tosus (SLE), resulting in end-stage kidney disease in 20% of cases (1), especially in people of non-European
descent (2, 3). Despite optimal treatment, only 30%—40% of patients with LN achieve a complete renal
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response at 1 year (4-6). Thus, there is a pressing need to identify novel treatment strategies to prevent
kidney damage and mortality.

LN diagnosis, classification, and treatment rely on kidney biopsies obtained in SLE patients with pro-
teinuria. Kidney biopsies are necessary because proteinuria neither distinguishes treatable inflammation
from chronic damage nor differentiates International Society of Nephrology (ISN) LN classes (7). Further-
more, proteinuria does not correlate with intrarenal inflammation and is a lagging indicator as it occurs
and persists after damage has ensued. Kidney biopsies also have limitations, including procedure-related
complications and sampling error, and may delay diagnosis and treatment. In addition, kidney biopsies are
invasive and may be challenging to repeat in all patients with LN. A noninvasive biomarker that reflects
intrarenal pathology could lead to early diagnosis and guide treatment by assessing response in real time.

Urine collects the byproducts of kidney pathology. By reflecting intrarenal processes (8, 9), urine pro-
teomics is an ideal noninvasive tool to discover disease mechanisms, identify novel therapeutic targets,
and verify noninvasive biomarkers. Previous studies explored urine proteomics in LN but were limited by
technical sensitivity, sample size, or cross-sectional design (8, 10-14). Several biomarkers have been iden-
tified in LN. However, their performance has been often measured as the ability to discriminate LN from
healthy donors or proteinuric LN from LN in remission (15). Such biomarkers provide limited clinical val-
ue because they do not outperform readily available biomarkers (i.e., proteinuria) and thus do not impact
treatment decisions or prognosis.

Accordingly, this study applied urine proteomics to the large and ancestrally diverse Accelerating Medi-
cines Partnership (AMP) LN longitudinal cohort (16) to define pathways and clinically meaningful biomarkers
linked to histology class, LN activity, and response to treatment. We found that markers of neutrophil/mono-
cyte degranulation, macrophage activation, and extracellular matrix remodeling are implicated in proliferative
LN (the most aggressive type), LN activity, and response to treatment. Candidate biomarkers were validated
and provide potentially treatable targets. This large data set is available to the public for further research.

Results

Pipeline and recruitment. To characterize LN molecular signatures of specific LN subtypes and treatment
response, we analyzed the longitudinal urine proteomic profiles (1,200 proteins) of patients with LN and
their clinical and histologic associations (Figure 1).

We recruited 225 patients with SLE who underwent a clinically indicated kidney biopsy and had a
urine protein-to-creatinine ratio (UPCR) > 0.5 g/g. To capture LN diversity, we included all patients with
LN defined by histology. Most patients (62%) had proliferative LN; 85 (38%) had pure proliferative LN
(class IIT or IV), and 53 (24%) had mixed LN (class III or IV + V). One quarter (25%) had pure mem-
branous LN (class V); finally, 21 (9%) had mesangial limited LN (class I or II), and 9 (4%) had advanced
sclerosis (class VI). For comparison, we recruited 10 healthy donors (HDs) without a past medical history
of any kidney disease and with negative autoimmune serologies. All patients and controls had a baseline
sample. Longitudinal urine samples were collected for patients with class III, IV, or V LN; 136, 109, and 96
samples were analyzed at week 12, 24, and 52, respectively. The baseline demographic and clinical charac-
teristics are summarized by Supplemental Table 1; supplemental material available online with this article;
https://doi.org/10.1172/jci.insight.172569DS1. The patients were similar in age and sex. As expected,
proliferative LN had higher histological activity (NIH Activity Index). Except for ISN class VI (advanced
sclerosis), chronicity was similar in the other classes. Proteinuria at the time of biopsy was lower in class
I or IT LN (median 0.76 [range 0.5-4]) whereas all other classes were similar, highlighting the inability of
proteinuria to distinguish between LN classes, as we have previously shown (7). The EGFR was reduced in
all patients with LN compared with HDs, with the lowest values observed in class VI (median 46 mL/min
[range 9-63]), followed by proliferative LN (median 88 mL/min [range 12-160]) and pure membranous
(median 100 mL/min [range 15-145]). Patients with proliferative or membranous LN were followed lon-
gitudinally: complete response rates at week 52 were more common in proliferative LN as compared with
pure membranous LN (34% vs. 16%). We assayed a total of 573 urine proteomic profiles from these 225
unique LN patients and 10 HDs.

Molecular signatures of LN. To identify the proteomic signature of each LN class, we initially compared
the urine proteomic profile of LN with HDs without clinical proteinuria (Figure 2, A—C). Hundreds of pro-
teins were significantly increased in all LN classes (Supplemental Data 1). In this study, pure proliferative
LN (class IIT or IV) and mixed LN (class IIT or IV + V) were often analyzed together because they share the
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Figure 1. Experimental pipeline. eGFR, estimated glomerular filtration rate.

component of “proliferative” LN, which is linked to worse outcomes (17). Accordingly, patients with pure
proliferative and mixed LN showed similar proteomic profiles, with pathway enrichment analysis detecting
innate immune system activation, neutrophil degranulation, viral life cycle, and extracellular matrix disassem-
bly/protease activity (Figure 2, D-H, and network analysis in Supplemental Figure 1). Most of the proteins
enriched in pure membranous LN were also found in proliferative LN, indicating common core pathways
across proliferative, mixed, and pure membranous LN (Figure 2G and Supplemental Figure 2). In contrast,
most of the proteins enriched in proliferative LN (pure or mixed) were not found in membranous LN, suggest-
ing that distinct biological processes are restricted to proliferative LN. At the pathway enrichment level, all 3
LN groups showed evidence of protease activity and extracellular matrix remodeling (Figure 2H).

Proliferative LN is the most aggressive form of LN and carries a higher risk of permanent kidney
damage (17). To better define proliferative LN’s specific pathological pathways, we compared the pro-
teomic profiles of proliferative (pure and mixed) to pure membranous LN. Proliferative LN signature was
dominated by higher levels of CD163 (a macrophage marker; fold-change [FC] = 2.5, ¢ = 0.001), IL-16
(a proinflammatory chemokine; FC = 3.2, ¢ = 0.002), and granulocyte degranulation products such as
PR3, S100A8, azurocidin, catalase, and MMP8 (range FC = 2.5-2.6, ¢ = 4 X 107 to 5 x 107), among
many others (Figure 21 and Supplemental Figure 1A). Pathway enrichment analysis verified that neutrophil
degranulation was the biological signature most enriched in proliferative LN (Figure 2J). Several macro-
phage markers, such as CD163, CD206, galectin-1, and FOLR2, were enriched in all classes. The urinary
abundance of these proteins was similar in pure and mixed proliferative LN but higher than membranous
(Figure 2F and Supplemental Figure 2).

The urine abundance of the proteins differentially expressed in the proliferative LN signature is displayed
in the heatmap in Figure 2K. We noted 3 clusters of patients defined by low, medium, or high expression of
this signature. As expected, the low (left) cluster included almost exclusively patients with nonproliferative LN.
The medium (center) cluster included mostly patients with proliferative LN but also some pure class V, class I/
II, and class VI LN. The high (right) cluster identified patients with the greatest expression of the proliferative
LN signature and was dominated by patients with proliferative LN. Patients in this cluster had largely class IV
and demonstrated the highest activity indices. Of note, there were several patients with histologically nonpro-
liferative LN in the “medium” cluster and 1 in the “high” cluster, indicating heterogeneity in nonproliferative
LN. About 18% of pure membranous LN showed strong inflammatory responses with degranulation and
monocyte/macrophage activation signatures. These findings indicate a disconnect between the histological
classification and the inflammatory activity detected by urine proteomics in several patients.

Together, these findings implicate active neutrophil/monocyte degranulation and macrophage activa-
tion in patients with proliferative LN. These signatures identify patients with higher activity indices. Further-
more, protease activity and extracellular matrix degradation characterize both proliferative and pure mem-
branous LN. Importantly, these intrarenal biological processes can be noninvasively quantified in the urine.

Proteomic signatures of histological activity and chronicity. Proliferative LN is heterogeneous in the degree
of immunological activity. This is captured by the NIH Activity Index (18). High scores identify more
aggressive disease associated with higher risk of kidney failure (17). Five of the 6 components of the NIH
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Figure 2. Proteomic signatures of LN histological classes. Volcano plots of the differential urinary protein abundances in pure proliferative (n = 85) (A),
mixed (n = 55) (B), and membranous (n = 55) (C) LN compared with healthy controls (n = 10). Pathway enrichment analysis of the proteins enriched in pure
proliferative (D), mixed (E), and membranous (F) LN (FDR < 5%); pathways in gray had a g > 0.05. (G) Venn diagram summarizing the shared significantly
changed proteins enriched in the 3 classes displayed in A-C. (H) Heatmap summarizing the pathways enriched (FDR < 25%) in the 3 classes. (1) Volcano
plot displaying the differential urine protein abundances in any proliferative (pure or mixed) and pure membranous with relative pathway enrichment
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analysis (J). (K) Heatmap displaying the unsupervised clustering based on the urine abundances of the proteins differentially abundant in any proliferative
versus pure membranous (I); clinical features are displayed. Not available activity and chronicity scores are indicated as -1. FDR, false discovery rate; OR,
odds ratio; g, adjusted P value (Benjamini-Hochberg).

Activity Index (endocapillary hypercellularity, neutrophil/karyorrhexis, fibrinoid necrosis, wire loops/hya-
line thrombi, and cellular/fibrocellular crescents) are exclusive to proliferative LN (class III or IV £ V),
thereby making the NIH Activity Index a quantitative measure of proliferative LN activity. To characterize
the pathways and biomarkers of LN activity, we studied the correlation of the urinary proteins with the
NIH Activity Index (Figure 3A). We found several urinary proteins directly correlated with the NIH Activ-
ity Index, topped by IL-16 and CD163 (Figure 3A). As supported by pathway enrichment analysis (Figure
3B), the signature of LN activity also included proteins associated with degranulation (i.e., PR3, azuro-
cidin, visfatin, MMP8, LAMPI, catalase), macrophage activation (i.e., CD163, CD206, galectin-1), and
wound healing/matrix degradation (i.e., nidogen-1, decorin) (Supplemental Figure 3). Importantly, these
associations persisted after adjusting for proteinuria, renal fibrosis (NIH Chronicity Index), and treatment
in a multivariable model (Supplemental Figure 4). These findings further support the link between prolif-
erative LN and both myeloid cell activity/degranulation and wound healing pathways by demonstrating a
direct quantitative association with proliferative LN activity, independent of proteinuria.

Next, we studied the proteomic correlates of intrarenal damage as quantified by the NIH Chronicity
Index. The NIH Chronicity Index captures features of irreversible damage, such as interstitial fibrosis and
tubular damage, glomerulosclerosis, and fibrous crescents. Figure 3C displays the urinary proteins positive-
ly and negatively correlated with intrarenal chronicity. Pathway enrichment analysis identified cytokine/
chemokines and growth factor activity (Figure 3D). These associations persisted after adjusting for protein-
uria and the NTH Activity Index (Supplemental Figure 4).

Proteomic signatures of specific histological features. We analyzed the urinary proteomic profiles of each
histological lesion assessed by the NIH Activity and Chronicity Indices (18). In this subanalysis, 115
biopsies with available subscoring were included: 42 (36%) with pure proliferative LN, 33 (29%) with
pure membranous LN, and 41 (35%) with mixed LN. The 5 most correlated urinary proteins and each
histological feature of the NIH Activity and Chronicity Indices are displayed in Figure 3, E and F, and
Supplemental Figure 5. For example, endocapillary hypercellularity, a proliferative LN—defining feature,
correlated with urinary CD163, IL-16, catalase, FKBP1, and CES1 (topping several others) but not with
proteinuria (Figure 3E). Most lesions shared a similar signature within their respective index (Figure
3F). This is expected since the index components tend to co-correlate. Hierarchical clustering based on
urine proteomic signatures revealed that fibrous crescents were more similar to activity-related lesions
despite being considered inactive lesions and counted in the NIH Chronicity Index (Figure 3F). Inter-
stitial inflammation (activity), fibrous crescents (chronicity) and, to a lesser extent, wire loops (activity)
correlated with biomarkers associated with both active and chronic lesions (Figure 3F). Strikingly, there
was no correlation between proteinuria and the histological lesions in the NIH Activity or Chronicity
Indices (Figure 3E and Supplemental Figure 5).

Treatment response is associated with a decline of urinary biomarkers of LN activity, including markers of
myeloid immunity and matrix degradation. Next, we focused on the proteomic signatures linked to treatment
response. Complete renal response is currently defined by a decline of UPCR to < 0.5 after 1 or 2 years
since it is associated with better long-term preservation of kidney function in LN. To assess response, a
baseline UPCR > 1 was required (7). In this analysis, a total of 127 patients were included: 48 (38%) with
pure proliferative LN (class III or IV), 41 (32%) with mixed LN (III or IV + V), and 38 (30%) with pure
membranous LN. Response was complete in 34 (27%), partial in 29 (23%), and none in 64 (50%). In this
cohort, treatment selection was at the discretion of the treating physician, but mycophenolate mofetil was
the mainstay of treatment.

At the time of kidney biopsy (baseline), there was no difference in the urinary proteomic profiles in
patients who achieved any clinical response at 1 year (responders) compared to nonresponders (Supple-
mental Figure 6A), even when the analysis was restricted to patients treated with the same regimen of
mycophenolate. Therefore, we focused on longitudinal trajectories.

To identify pathways that could mediate response to immunosuppression, we studied the changes in
the urinary proteome after 3 months of treatment compared with the baseline, according to the response
status at 1 year. Responders showed a decline at 3 months in 69 urinary proteins (FDR < 1%) led by
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histological lesion were included. FDR, false discovery rate; g, Benjamini-Hochberg adjusted P value.

JCl Insight 2024;9(2):e172569 htt

galectin-1, CD163, IL-16, and CD206 (Figure 4, A and B). These proteins overlapped with the proteomic
signature associated with histological activity (Figure 3A). Accordingly, pathway enrichment analysis after
3 months of treatment showed a decline in pathways related to extracellular matrix and cellular immune
response in those who ultimately had a complete or partial response at 1 year (Figure 4, C and D).

The decline of the urine proteins by 3 months persisted at 6 and 12 months. Moreover, an increased
number of proteins declined at 6 and 12 months in responders (Figure 4, E and F, and Supplemental Figure
6, B-E). By contrast, there were no changes observed in nonresponders (Figure 4F).

To identify early biomarkers of response, we studied the discriminatory ability of the urinary protein
changes at 3 months to predict 1-year response. A total of 111 urinary biomarkers predicted response
(FDR < 1%, AUC 0.7-0.86), with most outperforming the improvement in proteinuria (the clinical
standard) (Figure 4G). A decline of CD163 at 3 months predicted 1-year response with an AUC of 0.86
(g =2.7 x 10°) compared with an AUC of 0.75 (¢ = 0.01) for proteinuria (Figure 4H). In proliferative
LN, urinary biomarkers displayed superior performance with an AUC of 0.91 (g = 1.6 x 10), 0.9 (¢ =
1.6 x 107%), 0.89 (¢ = 3.5 x 107), and 0.76 (¢ = 0.007) for the decline of CD206, EGFR, CD163, and
proteinuria, respectively (Figure 4, I and J). In pure membranous LN, Smad4 and LAMA4 displayed
AUCs of 0.88 and 0.75, respectively, with nominal P < 0.01 but ¢ > 0.7. There were no biomarker
changes at 3 months predicting response in pure membranous LN that reached statistical significance

after correcting for multiple comparisons.
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Figure 4. Proteomic changes of treatment response. Volcano plots of the changes of the urinary proteomic profiles of treatment responders at 3
months after kidney biopsy/treatment compared with baseline at time of biopsy in proliferative and membranous combined (A) or proliferative only
(B). (C and D) Pathway enrichment analysis of the urinary proteins declined in A and B, respectively. (E) Venn diagram summarizing the shared signifi-
cantly changed proteins at 3, 6, and 12 months after the kidney biopsy. (F) Heatmap displaying the urinary abundances of the proteins significantly
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decreased at 3 months in responders from panel A at the 4 time points according to response status. (G) Discriminatory power of the change of each
urinary protein at 3 months compared with baseline to predict treatment response at month 12 (n = 95) (displayed as area under the curve, AUC). The
change in UPCR is displayed for reference as the traditionally used biomarker. (H) Receiver operating characteristic curves of the decline at 3 months
of the UPCR (traditional biomarker) and urinary CD163. I and  replicate G and H, but limited to patients with proliferative LN (n = 65). (K-N) Trajectory
of the urinary abundance of CD163 (K and L) and CD206 (M and N) according to response status in all patients and stratified by ISN class. Thin lines
indicate individual trajectories; thick lines indicate the group medians; box plots indicate medians, interquartile range, and range. g, adjusted P values
(Benjamini-Hochberg); OR, odds ratio; FDR, false discovery rate.

These findings indicate that effective immunosuppression induces an immunological response in the
kidney by 3 months that can be noninvasively monitored in the urine. Because proliferative LN is char-
acterized by the infiltration of intraglomerular myeloid immune cells, a decline in urinary biomarkers of
myeloid inflammation in responders suggests a parallel resolution of intraglomerular inflammation. This
was specific to proliferative LN as exemplified by the trajectories of CD163 and CD206 (Figure 4, K-N).

Discussion

The discovery of disease mechanisms, patient subgroups, biomarkers, and novel targets can be simultane-
ously derived from the analysis of careful phenotypes, longitudinal trajectories, and differential outcomes
associated with specific interventions (19). Here, we leveraged urine proteomics to discover 1) LN biology
and pathways of LN activity and 2) biomarkers of disease activity and treatment response. We identified
that neutrophil/monocyte degranulation, macrophage activation, and extracellular matrix degradation are
implicated in LN activity. These processes can be noninvasively quantified and monitored in urine. Reduc-
tion in the signatures of these processes at 3 months predicted treatment response. These noninvasive urine
biomarkers (such as CD163 and CD206) that parallel intrarenal inflammation outperformed the current
clinical standard (proteinuria). Furthermore, this study validated IL-16 as the urinary biomarker most cor-
related with LN activity (9), supporting its role as a potentially novel therapeutic target and biomarker.

LN biology and pathways of activity. Protease activity and extracellular matrix remodeling were shared by
pure membranous and proliferative classes, indicating that even the less inflammatory class V LN under-
goes kidney remodeling. Proliferative classes were characterized by stronger macrophage and degranula-
tion signatures that correlated with histological activity. Macrophages are the dominant immune cell type
in LN (20). CD163 (hemoglobin receptor) and CD206 (mannose receptor) exist in soluble forms as they
are shed during inflammation (21). In our analysis, urinary CD163 and CD206 were increased in all classes
(but at higher levels in proliferative LN), they correlated with the NIH Activity Index, and their decline best
predicted treatment response. Similarly, the intrarenal abundance of CD163* and CD206" macrophages
correlated with LN histopathological indices of LN activity (20, 22). These findings 1) validate the asso-
ciation between injury-associated macrophages and LN activity and 2) indicate that the disappearance of
these macrophages or their differentiation to a different phenotype anticipates better outcomes.

Several neutrophil/monocyte granule proteins (i.e., PR3 and azurocidin) in the urine were linked to
LN activity, implicating degranulation in proliferative LN. Azurophil granules characterize neutrophils and
monocytes (23). Neutrophils, especially the subset of low-density granulocytes, have been widely impli-
cated in SLE pathogenesis and LN (24-26). Intraglomerular neutrophils and karyorrhectic debris from
apoptotic neutrophils are in fact a feature of proliferative LN and are scored in the NIH Activity Index (18).
However, mature neutrophils with classical polylobate nuclei are not a dominant cell type observed in LN
kidney biopsies. Rather, immature forms of neutrophils implicated in the pathogenesis of LN (27, 28) do
not have polylobate nuclei, suggesting that their presence in LN kidney may not be noted with traditional
light microscopy (28). These less mature forms of granulocytes have enhanced ability to degranulate (28),
suggesting a potential role in LN. PR3 can in fact lead to extracellular matrix degradation, which, in turn,
can lead to fibrosis and irreversible kidney damage (29-31). Our study demonstrates the ability of urine
proteomics to explore a wide array of pathological processes, including neutrophil biology, which can be
missed in cellular studies involving sample freezing (32). Further studies are needed to define the main
cell type responsible for degranulation in LN (neutrophils, monocytes, or other myeloid cells) but also to
discover if this urinary signature reflects intrarenal degranulation or spillage of circulating granule proteins.

We have previously discovered that urinary IL-16 is the protein most correlated with the NIH Activity
Index (9). Here, we validated this finding, applying an unbiased approach in an independent larger cohort of
patients with LN, corroborating the role of IL-16 as a biomarker and in LN pathogenesis. The association of
urinary IL-16 with active proliferative LN was also validated in an independent Swedish cohort (33). IL-16
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is a proinflammatory chemokine that can activate and recruit CD4* and CD9* cells (34-37). Pro-IL-16 is
cleaved into bioactive IL-16 by caspase-3 (36) or PR3 (38), indicating that both cell death and neutrophil/
monocyte degranulation could lead to IL-16 activation. Notably, CD9 controls migration and prolifera-
tion of parietal epithelial cells in response to podocyte injury (39). CD9 stimulation mediates glomerular
crescent formation and glomerular demolition (39), thereby linking IL-16 to a nonimmune mechanism of
proliferative LN associated with poor renal survival and mortality in LN (40, 41).

Collectively, the findings from this work indicate that the active phase of proliferative LN is character-
ized by degranulation, phagocytic/injury-associated macrophage activation, chemokine release, and extra-
cellular matrix degradation. We speculate that IL-16 may play a central role in fueling inflammation by
attracting more immune cells such as neutrophils/monocytes and promoting crescent formation. Neutro-
phil or monocyte degranulation may directly damage the glomerular endothelium (42) and remodel extra-
cellular matrix, promoting chronic kidney disease. It is unclear whether phagocytic and injury-associated
macrophages play a regulatory or proinflammatory role in the initial phase of LN activity. Nevertheless,
their disappearance or their differentiation to a different phenotype is associated with treatment response,
suggesting that they track with the resolution of inflammation. Importantly, these pathogenic processes can
be noninvasively monitored in the urine.

Despite fibrous crescents being considered inactive lesions that follow crescentic glomerulonephritis,
urine proteomics revealed inflammatory activity associated with fibrous crescents. Thus, the presence of
fibrous crescents in kidney biopsies may indicate ongoing potentially treatable inflammation. In fact, cres-
cents are classified as fibrous when composed of < 25% of cells and fibrin, and therefore a small inflam-
matory infiltrate can be part of fibrous crescents (18). Interstitial inflammation, which is linked to worse
clinical outcomes (43), showed a distinct proteomic signature combining both activity and chronicity. This
is likely because the current classification system does not separate interstitial inflammation occurring in
areas with or without fibrosis. Interstitial fibrosis is in fact frequently infiltrated by immune cells. These
results challenge the current interpretation of histological scores. A better understanding of the pathophys-
iology of processes including fibrous crescents and interstitial inflammation is needed to tailor treatment of
these pathways leading to chronic damage.

Biomarkers. This work demonstrated the feasibility of urine biomarkers to noninvasively predict clini-
cally meaningful outcomes. Previous unbiased studies focused on the identification of biomarkers to diag-
nose LN versus no LN (14, 15, 44, 45). However, LN presence and activity were defined by proteinuria, a
readily available biomarker. Therefore, the clinical value of the novel biomarkers over proteinuria could not
be established. Other studies identified urinary biomarkers of histological activity or evaluated their longi-
tudinal changes with treatment (15, 44, 45), but these were limited to a few selected candidate biomarkers.
Here, 1) we described biomarkers to identify LN histological class and activity in lupus patients with pro-
teinuria, the group in which renal biopsies are sought for diagnosis, and 2) we systematically studied the
trajectories of 1,200 potential biomarkers in relation to clinical response. These findings have important
diagnostic implications.

The current classification and treatment of LN rely on histological features at the time of biopsy. A
higher NTH Activity Index usually triggers more aggressive immunosuppression. In contrast, when there
is a low NIH Activity Index in the presence of a high NIH Chronicity Index, proteinuria is considered
secondary to damage and, therefore, not requiring new or increased immunosuppression. The unbiased
catalog of urinary biomarkers of LN (outperforming proteinuria) in this large cohort of proteinuric patients
provides the basis for clinically useful biomarkers that would impact clinical decisions.

Prediction of treatment response is key to improve treatment strategies. Although there were no bio-
markers at baseline that predicted response, the decline of several urinary biomarkers after 3 months
of treatment strongly predicted response at 1 year. These findings underscore the power of individual
trajectories to discover disease biology and to identify clinically meaningful patient subsets. Persistent
elevation of the NIH Activity Index in a repeat biopsy is associated with LN flares and 44% 10-year kid-
ney survival, compared with 100% in patients with an index of 0, regardless of resolution of proteinuria
(46-49). Therefore, characterization of the pathways involved in LN activity is key to the identification
of new treatable targets and biomarkers to guide diagnosis and treatment. Frequent kidney biopsies are
not a practical means to judge changes in activity and chronicity indices. However, our proteomic analysis
offers a feasible strategy of early and frequent monitoring. Patients with higher activity had higher urinary
abundance of biomarkers of inflammation (i.e., IL-16), degranulation (i.e., PR3, azurocidin, catalase,
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MMPS8, LAMP1-2), macrophage activation (i.e., CD163, CD206, galectin-1, cathepsins, MIP-1b), and
extracellular matrix degradation (i.e., nidogen-1, collagens, proteoglycans). A reduction in biomarkers of
these processes predicted future treatment response and outperformed proteinuria. This suggests that the
effective inhibition of pathogenic mechanisms by immunosuppression can be noninvasively monitored in
real time. These responses are faster than the resolution of proteinuria, which requires repair of the glo-
merular capillary wall. A biomarker panel to noninvasively assess intrarenal activity may reshape the treat-
ment strategy of LN based on “immunological responses” (and inform clinical trial design). For example,
patients with persistent urinary biomarker elevation (indicating activity regardless of improved protein-
uria) would receive more potent, different, or prolonged immunosuppression or a change in approach,
while those with normalized urinary biomarker levels (indicating immunologically resolved LN) could
continue and eventually safely taper potentially toxic medications. These biomarkers may guide treat-
ment selection and clinical trial design. For example, there are currently several treatment options for LN,
but the choice of the best initial treatment strategy remains unclear. In patients where urine proteomics
showed no reduction in these predictors of treatment response, treatment could be rapidly modified until
an immunological response is achieved without waiting for improvement in proteinuria, which does not
track with intrarenal inflammation. Conversely, early immunological responses in the urine proteome
can reassure that the current treatment is effective. Future clinical trials and longitudinal studies should
address how these urinary biomarkers of intrarenal pathology can guide treatment and whether immuno-
logical responses predict long-term preservation of kidney function.

Finally, this study validated several known biomarkers of LN. Among others, urinary CD163 (9, 50,
51), monocyte chemoattractant protein-1 (MCP-1) (52), lipocalin-2 (53), and ALCAM (13) were increased
in proliferative LN. Of these, only CD163 and MCP-1 correlated with the NIH Activity Index. EGFR (54)
negatively correlated with the NIH Chronicity Index and positively with the NIH Activity Index.

Limitations. We acknowledge several limitations. First, although the proteomic assay employed here
allowed for the specific and highly sensitive detection of 1,200 targets, other processes might be detected
using future proteome-wide broader arrays. Second, the AMP study was an observational cohort, and
treatment was not homogenous as in a clinical trial. There may be biomarkers at baseline or at 3 months
that better predict response to specific treatments that could not be identified. Future studies involving
protocolized treatment are needed to identify drug-specific response signatures (55). Third, LN activity
was quantified according to the NIH Activity Index, which is more heavily weighted on glomerular than
tubulointerstitial pathology. However, it should be acknowledged that tubulointerstitial disease and other
histological features are also linked to kidney survival (43).

Conclusion. This study showed that urine proteomics is a powerful tool to discover disease processes,
nominate treatable targets, and identify noninvasive biomarkers. This data set generated by the AMP is
a publicly available resource for future studies. Deep phenotyping of LN by integration of multiomics
such as kidney single-cell RNA-Seq, multiplexed histology, digitalized histology, genetics, blood studies,
and other modalities (16) in matching samples will help identify novel biomarkers, LN subgroups, and
treatment strategies.

Methods

Patients and sample collection. This study enrolled SLE patients with a UPCR > 0.5 who were undergoing
clinically indicated renal biopsy. Only patients with a pathology report confirming LN were included in
the study. Renal biopsy sections were scored by a renal pathologist at each site according to the ISN/
Renal Pathology Society guidelines and the NIH Activity and Chronicity Indices (18). Clinical informa-
tion, including serologies, were collected at the most recent visit before the biopsy. Response status at
week 52 was defined in patients with a baseline UPCR > 1 as follows: complete response (UPCR < 0.5,
normal serum creatinine or < 25% increase from baseline if abnormal, and prednisone < 10 mg daily),
partial response (UPCR > 0.5 but < 50% of baseline value, identical serum creatinine, but prednisone dose
could be up to 15 mg daily), or no response (UPCR > 50% of baseline value, new abnormal elevation of
serum creatinine or = 25% from baseline, or prednisone > 15 mg daily). Urine specimens were acquired on
the day of the biopsy (before the procedure) or within 3 weeks of the kidney biopsy. Urine samples were
immediately centrifuged (4°C, 193¢, 10 minutes) to remove the cellular component. Serologic features and
complement levels were assessed at the clinical visit preceding the biopsy. Proteinuria was measured on or
near the day of the biopsy.
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Urine quantibody assay. An extended version of the Kiloplex Quantibody (RayBiotech) was used to
screen urine samples as previously described (8, 9). Concentration of each analyte was normalized by urine
creatinine to account for urine dilution. Urine protein abundances are expressed are pgpmm/ mg .o

Statistics. Differential protein abundance in 2 groups was calculated using a Wilcoxon rank test in uni-
variate analyses. This nonparametric test allowed for robust analysis accounting for the difference in distri-
bution, which is often not normal, across the 1,200 features. We observed similar performance to logistic
regression (Supplemental Figure 7). For multivariable analyses, we used linear models or generalized linear
models (R Im and glm functions) after log-transforming the protein abundances (models indicated on top of
the figures). To account for sparsity and large variation in the dynamic ranges of the proteins, all values for
each protein abundance were added to the minimum measured value before log transformation. Correla-
tions and partial correlations (R ppcor package) were calculated on log-transformed protein abundances.

Pathway enrichment analysis was performed with the clusterProfiler or fgsea R packages using the Gene
Ontology and Reactome libraries. Genes coding for the measured proteins were used. Analysis was limited
to gene sets with at least 5 genes represented in the universe of the 1,200 proteins measured. To account for
a limited universe of proteins (not the whole coding genome), self-contained algorithms were applied. Gene
set enrichment analysis is inherently self-contained. To define the pathways enriched in a distinct group
of proteins (i.e., Figure 2, A-D), a hypergeometric test was used. Terms with > 75% protein overlap were
removed: the term with the lowest P value was retained. P < 0.05 was considered statistically significant. All
statistical tests were 2 sided. All analyses were performed in R version 4.1.2.

Study approval. Human study protocols were approved by the institutional review boards (IRBs) at each
participating site, and written informed consent was obtained from all participants. Patients were enrolled at
Johns Hopkins University; New York University; Albert Einstein College of Medicine; University of Roch-
ester Medical Center; Northwell Health; University of California, San Francisco; Medical University of
South Carolina; University of California, San Diego; Cedars-Sinai Medical Center; University of Michigan;
Texas University, El Paso; and University of California, Los Angeles. For healthy controls, IRB approval
was obtained from the University of Cincinnati and Oklahoma Medical Research Foundation. After receipt
of informed consent, controls were recruited at the University of Cincinnati. Samples were stored by the
Oklahoma Rheumatic Disease Research Cores Center and were matched for sex, race, ethnicity, and age.
Participants were screened using a questionnaire and tested negative for the following antibodies: antinu-
clear, double-stranded DNA, chromatin, ribosomal P, Ro, La, Smith (Sm), SmRNP, RNP, centromere B,
Scl-70, and Jo-1. Samples were processed, stored, and shipped using protocols from the AMP in RA/SLE
network to align with the patient samples.

Data availability. The complete data sets used in this study will be available on the Synapse platform
(https://www.synapse.org; https://doi.org/10.7303/syn53124971) at the time of publication. No custom
mathematical algorithm deemed central to the conclusions was generated. Analyses can be reproduced
using the publicly available versions of the R packages outlined above. Values for all data points found in
graphs are in the Supporting Data Values file.

Author contributions

AF, MP, and J Buyon were responsible for conceptualization. AF, LM, SR, and AA were responsible for
methodology. AF was responsible for formal analysis. AF, MP, J Buyon, JH, AR, DSD, JHA, J Barnas,
MD, DW, RF, DK, KK, MGA, JMT, DF, RC, HMB, PI, CP, AIC, JH, and DSD were responsible for
resources. WA and DG were responsible for project administration. AF, MP, J Buyon, BD, AD, SR, NH,
JAJ, and JG were responsible for supervision. AF wrote the manuscript. MP, J Buyon, DAR, MD, JAJ,
MGA, HMB, PH, CCB, AD, and BD were responsible for review and editing.

Acknowledgments

‘We would like to thank the patients who participated in this study and the scientists and clinical sites in the
AMP in RA/SLE. We thank Felipe Andrade and René Ferretti for their critical review of the interpretation
of the results. This work was supported by the AMP RA/SLE network. AMP is a public-private partner-
ship (AbbVie Inc., Arthritis Foundation, Bristol Myers Squibb, GlaxoSmithKline, Lupus Foundation of
America, Lupus Research Alliance, Janssen, Merck Sharp & Dohme Corp., NIH National Institute of
Allergy and Infectious Diseases, NIH National Institute of Arthritis and Musculoskeletal and Skin Dis-
eases, Pfizer Inc., Rheumatology Research Foundation, Sanofi, and Takeda Pharmaceuticals International

JCl Insight 2024;9(2):e172569 https://doi.org/10.1172/jci.insight.172569 11



RESEARCH ARTICLE

Inc.) created to develop new ways of identifying and validating promising biological targets for diagnostics
and drug development. See Supplemental Acknowledgments for a list of members of the AMP RA/SLE
network. This work was supported by NIH grants UH2-AR067676, UH2-AR067677, UH2-AR067679,
UH2-AR067681, UH2-AR067685, UH2-AR067688, UH2-AR067689, UH2-AR067690, UH2-AR067691,
UH2-AR067694, UM2-AR067678, and AR074096. The Oklahoma Rheumatic Disease Research Cores
Center is funded by NIH P30AR073750. The Hopkins Lupus Cohort is funded by NIH R01 AR069572.
AF is supported by NIH R01 DK 134625, the Jerome L. Greene Foundation, the Plank Scholarship, and
the Lupus Foundation of America G-2104-01274.

Address correspondence to: Andrea Fava, 1830 East Monument Street, Suite 7500, Baltimore, Maryland
21205, USA. Phone: 410.955.9114; Email: afaval@jh.edu.

—

N

o v

3

o

©

10.

1

—_

12.
13.

14.

15.

16.

1

~

18.

1

o

20.

2

—_

22
2

w

2

W

26.

2

~

. Mahajan A, et al. Systemic lupus erythematosus, lupus nephritis and end-stage renal disease: a pragmatic review mapping

disease severity and progression. Lupus. 2020;29(9):1011-1020.
Korbet SM, et al. Severe lupus nephritis: racial differences in presentation and outcome. J Am Soc Nephrol. 2007;18(1):244-254.

. Costenbader KH, et al. Trends in the incidence, demographics, and outcomes of end-stage renal disease due to lupus nephritis

in the US from 1995 to 2006. Arthritis Rheum. 2011;63(6):1681-1688.
Rovin BH, et al. Efficacy and safety of voclosporin versus placebo for lupus nephritis (AURORA 1): a double-blind, ran-
domised, multicentre, placebo-controlled, phase 3 trial. Lancet. 2021;397(10289):2070-2080.

. Furie R, et al. Two-year, randomized, controlled trial of belimumab in lupus nephritis. N Engl J Med. 2020;383(12):1117-1128.

Izmirly P, et al. Longitudinal Patterns of Response to Standard of Care Therapy for Lupus Nephritis: Data from the Accelerat-
ing Medicines Partnership Lupus Network. Paper presented at: ACR Convergence 2021 webinar. November 8, 2021. https://
acrabstracts.org/abstract/longitudinal-patterns-of-response-to-standard-of-care-therapy-for-lupus-nephritis-data-from-the-accel-
erating-medicines-partnership-lupus-network/. Accessed December 12, 2023.

. Carlucci PM, et al. High incidence of proliferative and membranous nephritis in SLE patients with low proteinuria in the accel-

erating medicines partnership. Rheumatology (Oxford). 2022;61(11):4335-4343.

. Fava A, et al. Integrated urine proteomics and renal single-cell genomics identify an IFN-y response gradient in lupus nephritis.

JCI Insight. 2020;5(12):138345.

Fava A, et al. Urine proteomics and renal single-cell transcriptomics implicate interleukin-16 in lupus nephritis. Arthritis Rheu-
matol. 2022;74(5):829-839.

Pejchinovski M, et al. Urine peptidomic biomarkers for diagnosis of patients with systematic lupus erythematosus. Lupus.
2018;27(1):6-16.

. Nicolaou O, et al. Biomarkers of systemic lupus erythematosus identified using mass spectrometry-based proteomics: a system-

atic review. J Cell Mol Med. 2017;21(5):993-1012.

Zhang X, et al. Biomarkers of lupus nephritis determined by serial urine proteomics. Kidney Int. 2008;74(6):799-807.

Stanley S, et al. Comprehensive aptamer-based screening identifies a spectrum of urinary biomarkers of lupus nephritis across
ethnicities. Nat Commun. 2020;11(1):2197.

Vanarsa K, et al. Quantitative planar array screen of 1000 proteins uncovers novel urinary protein biomarkers of lupus nephritis.
Ann Rheum Dis. 2020;79(10):1349-1361.

Lindblom J, et al. Diagnostic, predictive and prognostic biomarkers in systemic lupus erythematosus: current insights. Curr Opin
Rheumatol. 2022;34(2):139-149.

Fava A, et al. The power of systems biology: insights on lupus nephritis from the accelerating medicines partnership. Rheum Dis
Clin North Am. 2021;47(3):335-350.

. Austin HA, et al. Diffuse proliferative lupus nephritis: identification of specific pathologic features affecting renal outcome. Kid-

ney Int. 1984;25(4):689-695.

Bajema IM, et al. Revision of the International Society of Nephrology/Renal Pathology Society classification for lupus
nephritis: clarification of definitions, and modified National Institutes of Health activity and chronicity indices. Kidney Int.
2018;93(4):789-796.

.Rosen A, Zeger SL. Precision medicine: discovering clinically relevant and mechanistically anchored disease subgroups at scale.

J Clin Invest. 2019;129(3):944-945.
Olmes G, et al. CD163+ M2c-like macrophages predominate in renal biopsies from patients with lupus nephritis. Arthritis Res
Ther. 2016;18:90.

. Nielsen MC, et al. The macrophage-related biomarkers sCD163 and sCD206 are released by different shedding mechanisms. J

Leukoc Biol. 2019;106(5):1129-1138.

.LiJ, et al. Significance of M2 macrophages in glomerulonephritis with crescents. Pathol Res Pract. 2017;213(9):1215-1220.
. Nichols BA, et al. Differentiation of monocytes. Origin, nature, and fate of their azurophil granules. J Cell Biol. 1971;50(2):498-515.
24.

Banchereau R, et al. Personalized immunomonitoring uncovers molecular networks that stratify lupus patients. Cell.
2016;165(3):551-565.

. Toro-Dominguez D, et al. Stratification of systemic lupus erythematosus patients into three groups of disease activity progres-

sion according to longitudinal gene expression. Arthritis Rheumatol. 2018;70(12):2025-2035.
Panousis NI, et al. Combined genetic and transcriptome analysis of patients with SLE: distinct, targetable signatures for suscep-
tibility and severity. Ann Rheum Dis. 2019;78(8):1079-1089.

. Evrard M, et al. Developmental analysis of bone marrow neutrophils reveals populations specialized in expansion, trafficking,

and effector functions. Immunity. 2018;48(2):364-379.

JCl Insight 2024;9(2):e172569 https://doi.org/10.1172/jci.insight.172569 12



28

29.

3

f=}

3

—_

32.
33.

34.

3

w

36.

3

3

38.

3

\O

40.

4

—

42.

43.

44.

45.

46.

4

~

48.

49.
50.

51

52.

5

@

54.

55

JCl Insight 2024;9(2):e172569 https:

RESEARCH ARTICLE

. Mistry P, et al. Transcriptomic, epigenetic, and functional analyses implicate neutrophil diversity in the pathogenesis of systemic

lupus erythematosus. Proc Natl Acad Sci U S A. 2019;116(50):25222-25228.

Pezzato E, et al. Proteinase-3 directly activates MMP-2 and degrades gelatin and Matrigel; differential inhibition by (-)epigallo-

catechin-3-gallate. J Leukoc Biol. 2003;74(1):88-94.

. Davies M, et al. The degradation of human glomerular basement membrane with purified lysosomal proteinases: evidence for
the pathogenic role of the polymorphonuclear leucocyte in glomerulonephritis. Clin Sci Mol Med. 1978;54(3):233-240.

. Turck J, et al. Matrix metalloproteinase 2 (gelatinase A) regulates glomerular mesangial cell proliferation and differentiation. J

Biol Chem. 1996;271(25):15074-15083.

Arazi A, et al. The immune cell landscape in kidneys of patients with lupus nephritis. Nat Immunol. 2019;20(7):902-914.

Hayry A, et al. Interleukin (IL) 16: a candidate urinary biomarker for proliferative lupus nephritis. Lupus Sci Med.

2022;9(1):e000744.

Glass WG, et al. Not-so-sweet sixteen: the role of IL-16 in infectious and immune-mediated inflammatory diseases. J Interferon

Cytokine Res. 2006;26(8):511-520.

.Roth S, et al. Secondary necrotic neutrophils release interleukin-16C and macrophage migration inhibitory factor from stores in

the cytosol. Cell Death Discov. 2015;1:15056.

Zhang Y, et al. Processing and activation of pro-interleukin-16 by caspase-3. J Biol Chem. 1998;273(2):1144-1149.

.QiJC, et al. Human and mouse mast cells use the tetraspanin CD9 as an alternate interleukin-16 receptor. Blood.

2006;107(1):135-142.

Kerstein-Staehle A, et al. Op0054 new role for proteinase 3 in II-16 bioactivity control in granulomatosis with polyangiitis. Ann

Rheum Dis. 2021;80(suppl 1):28.1-29.

. Lazareth H, et al. The tetraspanin CD9 controls migration and proliferation of parietal epithelial cells and glomerular disease

progression. Nat Commun. 2019;10(1):3303.

Tao J, et al. The predictive value of crescents in the disease progression of lupus nephritis based on the 2018 International Soci-

ety of Nephrology/Renal Pathology Society Revision System: a large cohort study from China. Ren Fail. 2020;42(1):166-172.

. Zhang W, et al. Clinical outcomes of lupus nephritis patients with different proportions of crescents. Lupus. 2016;25(14):1532-1541.

Carlucci PM, et al. Neutrophil subsets and their gene signature associate with vascular inflammation and coronary atherosclero-

sis in lupus. JCI Insight. 2018;3(8):99276.

Wilson PC, et al. Interstitial inflammation and interstitial fibrosis and tubular atrophy predict renal survival in lupus nephritis.

Clin Kidney J. 2018;11(2):207-218.

Birmingham DJ, et al. Biomarkers of lupus nephritis histology and flare: deciphering the relevant amidst the noise. Nephrol Dial

Transplant. 2017;32(suppl 1):171-179.

Laskari K, et al. Mycophenolate mofetil as maintenance therapy for proliferative lupus nephritis: a long-term observational pro-

spective study. Arthritis Res Ther. 2010;12(6):R208.

Alvarado A, et al. The value of repeat kidney biopsy in quiescent Argentinian lupus nephritis patients. Lupus. 2014;23(8):840-847.

. Alsuwaida A, et al. Strategy for second kidney biopsy in patients with lupus nephritis. Nephrol Dial Transplant. 2012;27(4):1472-1478.

De Rosa M, et al. A prospective observational cohort study highlights kidney biopsy findings of lupus nephritis patients in

remission who flare following withdrawal of maintenance therapy. Kidney Int. 2018;94(4):788-794.

Malvar A, et al. Histologic versus clinical remission in proliferative lupus nephritis. Nephrol Dial Transplant. 2017;32(8):1338-1344.

Mejia-Vilet JM, et al. Urinary soluble CD163: a novel noninvasive biomarker of activity for lupus nephritis. J Am Soc Nephrol.

2020;31(6):1335-1347.

Zhang T, et al. Association of urine sCD163 with proliferative lupus nephritis, fibrinoid necrosis, cellular crescents and intrare-

nal M2 macrophages. Front Immunol. 2020;11:671.

Kiani AN, et al. Urine osteoprotegerin and monocyte chemoattractant protein-1 in lupus nephritis. J Rheumatol.

2009;36(10):2224-2230.

. Rubinstein T, et al. Urinary neutrophil gelatinase-associated lipocalin as a novel biomarker for disease activity in lupus nephritis.

Rheumatology (Oxford). 2010;49(5):960-971.

Mejia-Vilet JM, et al. Association between urinary epidermal growth factor and renal prognosis in lupus nephritis. Arthritis

Rheumatol. 2021;73(2):244-254.

. Weeding E, et al. Urine proteomic insights from the belimumab in lupus nephritis trial. Lupus Sci Med. 2022;9(1):e000763.

//doi.org/10.1172/jci.insight.172569 13



