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Acute kidney injury (AKI) secondary to sepsis results in poor outcomes and conventional kidney
function indicators lack diagnostic value. Soluble urokinase plasminogen activator receptor
(suPAR) is an innate immune-derived molecule implicated in inflammatory organ damage. We
characterized the diagnostic ability of longitudinal serum suPAR levels to discriminate severity and
course of sepsis-induced AKI (SI-AKI) in 200 critically ill patients meeting Sepsis-3 criteria. The
pathophysiologic relevance of varying suPAR levels in SI-AKI was explored in a polymicrobial sepsis
model in WT, (s)uPAR-knockout, and transgenic suPAR-overexpressing mice. At all time points
studied, suPAR provided a robust classification of SI-AKI disease severity, with improved prediction
of renal replacement therapy (RRT) and mortality compared with established kidney biomarkers.
Patients with suPAR levels of greater than 12.7 ng/mL were at highest risk for RRT or death, with

an adjusted odds ratio of 7.48 (95% Cl, 3.00-18.63). suPAR deficiency protected mice against
SI-AKI. suPAR-overexpressing mice exhibited greater kidney damage and poorer survival through
inflamed kidneys, accompanied by local upregulation of potent chemoattractants and pronounced
kidney T cell infiltration. Hence, suPAR allows for an innate immune-derived and kidney function-
independent staging of SI-AKI and offers improved longitudinal risk stratification. suPAR promotes
T cell-based kidney inflammation, while suPAR deficiency improves SI-AKI.

Introduction

Acute kidney injury (AKI) is a serious complication in critically ill patients, and sepsis is the leading cause,
accounting for 30%—-50% of cases (1-3). At the time of sepsis diagnosis, however, the clinical course and
prognosis of sepsis-induced AKI (SI-AKI) is unclear. The current standard for staging AKI — using the
functional parameters serum creatinine (SCr) and urine output — only allow for retrospective clarification
of true AKI severity (2, 4). Furthermore, neither SCr nor urine output correlate directly with underlying
pathophysiological drivers or extent of kidney tissue damage, limiting their value for assessing further dis-
ease progression and clinical decision-making, such as initiation of renal replacement therapy (RRT) (5-8).
This is particularly true for sepsis, where the disease activity evolves/differs over time and contrasts with
AKI after major surgery, where a single, distinct kidney insult can be identified.

In this context, a newly proposed AKI definition recently suggested the combination of functional bio-
markers with biomarkers of kidney damage (9). The latter are thought to be released in response to kidney
stress or injury into blood or urine. Their additive value relies on the concept that the injury biomarker
concentration more accurately reflects the extent of kidney damage than functional biomarkers. Tradition-
al biomarkers such as urinary albumin, but also novel markers such as the urinary product of the 2 tubular
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stress and cell cycle arrest biomarker tissue inhibitor of metalloproteinases 2 and insulin-like growth factor
binding protein 7 (TIMP2.IGFBP7), or serum levels of neutrophil gelatinase—associated lipocalin (NGAL)
or kidney injury molecule 1 (KIM-1) belong in this category (4, 9). In early sepsis, however, severity of
organ dysfunction is not uniquely linked to substantial cell death (10, 11). In fact, the severity of ongoing
inflammatory stimuli related to a dysregulated host immune response to infection represents a key compo-
nent for early organ dysfunction in sepsis (10). Pathophysiological drivers of the underlying molecular pro-
cesses may therefore qualify as robust prognostic and diagnostic biomarkers as well as therapeutic targets
for septic organ dysfunction.

We and others have recently identified soluble urokinase plasminogen activator receptor (SuPAR) as an
indicator for systemic inflammatory conditions and immune mediator of inflammatory organ damage in a
diverse range of clinical contexts (12-18). uPAR is a glycosylphosphatidylinositol-anchored protein that is
upregulated following bacterial infection and is expressed on a variety of cells, mainly innate immune cells
such as monocytes and neutrophils (19-21). The activation of the uPAR system is linked to inflammation,
innate immune cell activation, and cell migration (15, 20-22). Inflammatory stimuli generate suPAR by cleav-
age of its membrane-bound form, uPAR (20, 21). Especially in critically ill patients with inflammatory diseas-
es, high blood suPAR levels are closely linked to acute organ dysfunction and AKI in particular (12-14, 23,
24). This suggests a fundamental role for suPAR as a pathophysiological interface between systemic inflam-
matory states and resulting organ damage. The specific physiologic role of suPAR is, however, unclear.

We hypothesized that suPAR — functioning as a direct pathophysiological driver of kidney tissue
inflammation in sepsis — could serve as a reliable diagnostic and prognostic biomarker for SI-AKI. To
test our hypothesis, we examined the diagnostic value and longitudinal kinetics of blood suPAR levels in
200 critically ill patients with sepsis and compared them to functional and widely established damage bio-
markers. To further elucidate the pathophysiological consequences of high blood suPAR levels on kidney
function, tissue damage, and kidney tissue inflammation, we established an experimental polymicrobial
sepsis model, comparing C57BL/6 WT, uPAR-knockout (uPAR-KO, deficient in suPAR), and a transgenic
mouse strain artificially overexpressing full-length suPAR in blood (msuPAR1-OE).

Results

Patient characteristics and outcomes. Of 1,620 patients assessed for eligibility, 200 patients met the inclusion
criteria and were enrolled in the study within an average of 9.6 hours after ICU admission. At enrollment,
79% of patients had SI-AKI (Figure 1). When looking at maximum AKI stages within 7 days of sepsis
diagnosis, 21 patients had no AKI, while 41, 60, and 36 patients developed maximum AKI stages of mild,
moderate, and severe AKI, respectively, without requiring RRT. Forty-two patients met the primary out-
come of RRT or death. Of the 96 patients who experienced moderate or severe AKI without need for RRT,
39 had transient AKI and 57 had persistent AKI (Figure 1).

Comparing patients who died or required RRT with the remaining cohort, these patients were more
likely to have higher disease severity, greater fluid overload, septic shock, worse kidney function param-
eters, and higher serum suPAR, NGAL, and urinary TIMP2:IGFBP7 levels at study inclusion (Table
1). Baseline demographics, preexisting comorbidities, baseline creatinine prior sepsis, and inflammatory
parameters did not differ between the 2 groups. Overall, 19 patients (9.5%) died within 7 days of enrollment
(12 patients on RRT, 7 without RRT). The 30-day all-cause mortality was 22.5% (45 patients), with higher
mortality in patients who required RRT (51.4%) than in patients who did not (16.6%). Patient characteris-
tics and outcomes stratified by suPAR quartiles are shown in Supplemental Table 1; supplemental material
available online with this article; https://doi.org/10.1172/jci.insight.165740DS1.

Kinetics of human suPAR in sepsis and its diagnostic value for outcome prediction. SCr values did not allow diag-
nostic differentiation of patients who required RRT or died from patients with severe AKI not requiring RRT
(Figure 2A). In contrast, suPAR levels were significantly higher in patients who required RRT or died than those
in other AKT stages (Figure 2B) at any time point within 7 days of sepsis diagnosis. sSuPAR further distinguished
between the critical AKT subsets, none-to-mild AKI versus moderate-to-severe AKI not requiring RRT at each
time point studied (Figure 2B). Examining the disease course of AKI, suPAR levels were able to indicate the
divergent AKI courses transient AKI, persistent AKI, and AKI requiring RRT at any time point within 7 days
after enrollment (Figure 2C). When further evaluating suPAR levels at baseline, the higher the suPAR levels, the
more likely patients were to require RRT or to die (Figure 2, E and F). Patients in the highest suPAR quartile
(suPAR > 12.70 ng/mL) were at highest risk for poor outcomes (Figure 2D). The increased odds for RRT or
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Figure 1. Flow chart of study design and data analysis. AKI, acute kidney injury according to KDIGO criteria; RRT, renal replacement therapy.

Outcome
within 7 days

death and major adverse kidney events within 7 days of sepsis diagnosis (MAKE.) were preserved after adjust-
ment for confounders such SCr levels at enrollment or disease severity, represented by SOFA score at enrollment
(Table 2). Even when patients with moderate or severe AKI at the time of enrollment were analyzed exclusively,
suPAR remained a superior risk classifier for studied outcomes (Supplemental Table 2).

Accordingly, for the prediction of RRT or death, MAKE., and RRT, suPAR alone showed the high-
est AUCs compared with the widely established kidney biomarkers SCr, albuminuria, and proteinuria,
and even compared with the newer kidney damage biomarkers NGAL, TIMP2-IGFBP7, and KIM-
1 alone (Table 3 and Supplemental Table 3). The combination of SCr and suPAR further improved
outcome prediction performance, resulting in the highest AUC of all combinations of kidney injury
biomarkers with SCr. SCr together with suPAR even statistically outperformed the biomarker combi-
nations “SCr + Albuminuria” and “SCr + KIM-1,” and was more or less on par with SCr combined
with NGAL (Table 3 and Supplemental Table 3). In addition, with an AUC of 0.78 (95% CI 0.67—
0.89), suPAR showed superior performance in predicting 7-day mortality compared with other kidney
biomarkers (Supplemental Table 4). Finally, in a model that includes baseline SCr, NGAL, KIM-1,
TIMP2-IGFBP7, and albuminuria to predict RRT or death, the AUC was 0.83 (95% CI 0.76-0.90) and
further increased to 0.85 (95% CI 0.79-0.92) by adding suPAR to the model.

Murine sepsis and AKI. In critically ill patients with sepsis, suPAR best predicted death or AKI requiring RRT.
The question arises whether suPAR is merely a systemic inflammatory biomarker or whether high suPAR levels
are directly responsible for poor outcomes as pathogenic driver of SI-AKI. To further address this question, we
examined the effects of blood suPAR levels on kidney function and tissue damage/inflammation in a polymi-
crobial sepsis model, in WT, uPAR-KO, and msuPAR1-OE mice with physiological, depleted, or genetically
elevated (independent of inflammatory conditions) blood suPAR levels, respectively. Before sepsis induction,
SCr and urea levels were comparable between different mouse strains (Supplemental Figure 1). When inducing
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Table 1. Baseline characteristics and outcomes within 7 days after sepsis diagnosis

Variable All patients (n=200) No RRT or death (1=158) RRT or death (n = 42) P value
Demographics
Age, years 65.4 (12.2) 64.6 (12.4) 68.6 (11.2) 0.061
Male sex, n (%) 128 (64.0) 103 (65.2) 25(59.9) 0.267
BMI, kg/m? 28.4 (7.8) 28.4(7.9) 28.6 (7.8) 0.909

Preexisting comorbidities, n (%)
Chronic kidney disease

(eGFR < 60 mL/min/1.73 m?) 49 (24.4) 35(22.2) 14 (33.3) 0.134
Hypertension 145 (72.5) 115 (72.8) 30 (71.4) 0.861
Diabetes mellitus 61(30.5) 47 (29.7) 14 (33.3) 0.654
Coronary heart disease 43 (17.0) 27 (17) 7(16.7) 0.948
Congestive heart failure 21(10.5) 16 (10.1) 5(11.9) 0.738
Chronic obstructive pulmonary disease 27 (13.5) 21(13.3) 6(14.3) 0.867
SCr baseline before sepsis, mg/dL 0.87(0.32) 0.86 (0.30) 0.93(0.37) 0.200
Kidney parameters at enrollment
suPAR, ng/mL 10.0 (7.0) 8.3(4.7) 16.4 (10.2) <0.001
NCAL, ng/mL 712.2 (683.65) 567.2 (469.7) 1257.7 (1018.7) <0.001
TIMP2-IGFBP7*, (ng/mL)?/1000 3.35(6.35) 2.38 (5.04) 7.02 (9.04) <0.001
KIM-1, pg/mL 372.5 (414.7) 374.6 (431.0) 364.7 (350.8) 0.878
SCr, mg/dL 1.76 (1.11) 1.57(0.95) 2.48 (1.38) <0.001
Urea, mg/dL 61.5(38.3) 61.7 (33.5) 92.5 (45.4) <0.001
Proteinuria, g/L 0.9 (1.3) 0.7 (1.1) 1.4 (1.6) 0.017
Albuminuria, mg/L 261.8 (607.4) 198.0 (526.3) 501.9 (809.3) 0.025
Urine output, L/24 h 2.2 (1.5) 2.5(1.4) 1.2(1.4) <0.001
Inflammation parameters at enrollment
Blood leukocytes, 1/nL 16.5 (12.4) 16.4 (12.6) 17.0 (11.4) 0.790
CRP, mg/dL 213.2 (107.3) 217.5 (107.1) 196.9 (107.8) 0.269
PCT, ng/mL 32.8 (571) 30.7 (55.7) 40.6 (62.1) 0.315
Primary source of sepsis, n (%)
Abdomen 127 (63.5) 104 (65.8) 23 (54.8) 0.186
Lung 62 (31.0) 45 (28.5) 17 (40.5) 0.135
Urinary tract 18 (9.0) 14 (8.9) 4(9.5) 0.894
Other 14 (7.0) 11(7.0) 3(71) 0.967
Baseline scores
SOFA 11.6 (3.9) 10.9 (3.6) 14.4 (3.7) <0.001
SAPS I 64.7 (19.8) 61.3(19.2) 77.3 (16.8) <0.001
APACHE Il 30.4 (8.6) 28.9(8.2) 35.8(8.1) <0.001
Outcomes
Cumulative fluid balance first 24 h, L 3.2(4.6) 2.2(3.4) 6.9 (6.2) <0.001
Septic shock, n (%) 164 (82.0) 125 (79.1) 39(92.9) 0.039
Invasive ventilation, n (%) 172 (86.0) 132 (83.5) 40 (95.2) 0.052
Vasopressor support, n (%) 188 (94.0) 147 (93.0) 41(97.6) 0.267
Length of ICU stay, days 21.2 (23.5) 20.8 (22.8) 22.71(26.2) 0.638
Length of hospital stay, days 43.4(38.1) 451 (35.3) 37.2 (47.2) 0.235
Mortality 7 days, n (%) 19 (9.5) 0(0.0) 19 (45.2) <0.001

NCAL, neutrophil gelatinase-associated lipocalin; TIMP2:IGFBP7, tissue inhibitor of metalloproteinases 2 - insulin-like growth factor-binding protein

7; KIM-1, kidney injury molecule 1; APACHE II, Acute Physiology and Chronic Health Evaluation II; BMI, body mass index; CRP, C-reactive protein; PCT,
procalcitonin; RRT, renal replacement therapy; SAPS Il, Simplified Acute Physiology Score II; SCr, serum creatinine; suPAR, soluble urokinase plasminogen
activator receptor; SOFA, Sequential Organ Failure Assessment. Data are reported as mean (+SD) unless otherwise indicated. Values missing in 3 patients
due to insufficient urine output. For pairwise comparisons, 2-tailed Student’s t test (continuous variables) or y? test (categorical variables) was used.

polymicrobial sepsis by injecting 250 pL. of cecal slurry (CS) intraperitoneally, WT and msuPAR1-OE mice
experienced more severe AKI compared with uPAR-KO mice deficient in suPAR (Figure 3, A-C, and Sup-
plemental Figure 1) within 24 hours of sepsis induction. This was evidenced by more pronounced kidney tis-
sue damage, and higher SCr and urea levels in septic WT and msuPAR1-OE compared with uPAR-KO. Mice
receiving 15% glycerol (WT GLY) as vehicle control did not develop AKI (Figure 3 and Supplemental Figure 1).
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Figure 2. Blood suPAR levels discriminate between maximum AKI stages, varying AKI courses, and poor (kidney) outcome in human sepsis at any time
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kidney injury; IQR, interquartile range; MAKE , major adverse kidney events within 7 days of sepsis diagnosis; RRT, renal replacement therapy. Data are
reported as box-and-whisker plots (interquartile range, minimum to maximum) (A-C), unadjusted odds ratio (35% Cl) (D), and percentage (E and F). One-
way ANOVA (A-C) and x? (E and F) tests were used for group comparisons.

As shown by H&E staining, kidney structure was largely unaltered in WT GLY mice, except for mild interstitial
edema in the medulla. In contrast, loss of brush border could be seen in some proximal tubules in the cortex
of WT CS mice with foci of acute tubular injury in the outer strips of medullary tissue, as indicated by mild
epithelial simplification and cell detachment. Compared with WT CS, the morphological changes in msuPAR1-
OE mice receiving CS were similar but with more pronounced tubular vacuolization in the cortex and more
severe tubular injury in the outer medullary tissues. uPAR-KO mice were largely protected from CS effects, with
no major morphological changes in the medulla and only mild tubular changes in the cortex (Figure 3A). The
number of apoptotic cells in kidney tissue was not strongly pronounced but significantly higher in msuPAR1-OE
CS compared with uPAR-KO CS and WT CS, while no apparent apoptosis was seen in WT GLY mice (Sup-
plemental Figure 2). At baseline, mean blood suPAR levels (+SD) in WT, uPAR-KO, and msuPAR1-OE strains
were 4.29 ng/mL (+0.58), 0 ng/mL (£0.00), and 192.60 ng/mL (£79.44), respectively (Figure 3D). After sepsis
induction, suPAR levels significantly increased in WT CS mice, whereas no relevant changes were seen in WT
GLY, uPAR-KO CS, and msuPAR1-OE CS mice compared to baseline (Figure 3E and Supplemental Figure
3). Though more pronounced functional and ultrastructural kidney impairment was observed in strains with
elevated blood suPAR levels (WT CS, msuPAR1-OE CS), the extent of systemic inflammation, as indicated by
IL-6 levels, was comparable between mouse strains investigated (Figure 3F and Supplemental Figure 3). Finally,
uPAR-KO was associated with improved survival compared with msuPAR1-OE mice after 24 hours of sepsis
induction (Figure 3G).

Characterization of kidney tissue inflammation in experimental SI-AKI and untreated mouse strains. Since the
uPAR system is known to play a critical role in cell migration and inflammation, we further investigated
the characteristics and extent of suPAR-related kidney tissue inflammation in experimental sepsis. To
evaluate the effect of varying blood suPAR levels in a noninflammatory environment, untreated mouse
strains were analyzed in the same manner. After 24 hours of sepsis, flow cytometry of digested kidneys
showed a significantly higher frequency of CD45" leukocytes in the kidneys of msuPAR1-OE CS com-
pared with WT CS and uPAR-KO CS mice (Supplemental Figure 4). This significant difference was large-
ly driven by CD3* T cells (Figure 4, A—C, and Supplemental Figure 4), which were significantly higher
in msuPAR1-OE CS compared with WT CS and uPAR-KO CS mice, and higher in WT CS compared
with WT GLY mice. The same observation was appreciated for CD4* and CD8"* T cells. In contrast, no
strain- or suPAR-dependent differences in cell frequencies for Ly6G* neutrophils, CD11c* dendritic cells,
NKI1.17 cells, and CD3*NK1.1* T cells were observed in CS-treated mice (Figure 4D and Supplemental
Figure 4). Surprisingly, treatment of WT mice with glycerol alone resulted in an increase in Ly6G* and
NK1.1* kidney cells, comparable to CS-treated mice but without impairment of kidney function (Fig-
ure 3, B and C, Figure 4D, and Supplemental Figure 4). The only other significant finding was a higher
frequency of Ly6C" monocytes in msuPARI-OE CS mice compared with uPAR-KO CS mice, without
reaching statistical significance compared with WT CS (Supplemental Figure 4). Furthermore, increased
numbers of especially kidney T cells, but also monocytes correlated strongly with the extent of systemic
suPAR and SCr elevation in WT CS mice, whereas a moderate or no correlation with SCr or suPAR levels
was observed for NK1.1* cells and Ly6G* neutrophils, respectively (Figure 4F and Supplemental Figure
5). Even more remarkably, in untreated msuPAR1-OE mice, the frequency of CD3*, CD4", CD8", and
NKI1.1* kidney cells equaled those previously observed in WT CS mice despite the absence of a systemic
inflammatory stimulus (Figure 4, A—C, and Supplemental Figure 4). This was accompanied by a signif-
icant increase in local IL-16 and C-C motif chemokine ligand 3 (CCL3) levels, and decreased levels of
thrombospondin 4 (TSP4) in kidney tissues of untreated msuPAR1-OE compared with untreated WT
(Figure 4G and Supplemental Figure 6). Kidney function, however, was not acutely affected by the mere
presence of these cells and altered cytokines in untreated msuPAR1-OE mice.

The characteristic suPAR-dependent kidney immune cell accumulation was additionally confirmed
by immunofluorescent staining in septic and untreated mice for Ly6G/C*, CD4*, and CD8" kidney cells
(Figure 4E and Supplemental Figures 7-9). Both CD4* and CD8" cells were found in the kidney cortex and
medulla, with CD8* cells being slightly more abundant and localized in the corticomedullary junction than
CD4* cells in CS-treated and untreated mice.

JCl Insight 2023;8(7):e165740 https://doi.org/10.1172/jci.insight.165740 6


https://doi.org/10.1172/jci.insight.165740
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd
https://insight.jci.org/articles/view/165740#sd

RESEARCH ARTICLE

Table 2. Determinants of incident RRT or death and major adverse kidney events within 7 days of sepsis diagnosis

Parameters for RRT or death within 7 d MAKE,
model | 0dds ratio 95% ClI P value 0dds ratio 95% ClI P value
suPAR >12.7 ng/mL 748 3.00-18.63 <0.001 4.56 1.86-11.19 0.001
SCr at enrollment 1.76 1.21-2.54 0.003 215 143-3.24 <0.0001
Age 1.05 1.01-1.10 0.010 1.04 1.01-1.08 0.006
Male sex 0.77 0.33-1.80 0.546 0.84 0.41-1.73 0.637
CKD 1.31 0.54-3.15 0.550 1.84 0.81-4.21 0.151
Septic shock 2.01 0.45-9.08 0.363 5.83 1.86-18.25 0.002
Parameters for RRT or death within 7 d MAKE,
model Il 0dds ratio 95% ClI Pvalue 0dds ratio 95% ClI P value
suPAR >12.7 ng/mL 6.78 2.70-16.97 <0.001 5.15 2.11-12.59 <0.001
SOFA at enroliment 1.25 1.09-143 0.001 1.25 112-1.39 <0.001
Age 1.05 1.01-1.09 0.019 1.04 1.01-1.07 0.009
Male sex 0.93 0.40-2.14 0.857 1.00 0.49-2.01 0.992
CKD 2.00 0.83-4.81 0.112 3.88 1.75-8.61 <0.001

Binary logistic regression analysis for suPAR levels at baseline adjusted for serum creatinine (SCr) at baseline, age, sex, chronic kidney disease (CKD) and
septic shock (Model I) or SOFA score at baseline, age, sex, and CKD (Model I1). MAKE,, major adverse kidney events within 7 days of sepsis diagnosis; RRT,
renal replacement therapy. Two multivariable binary logistic regression models were used to adjust for potential confounders.

Discussion

AKI is a common finding in critically ill patients at the time of sepsis diagnosis, especially when the Sep-
sis-3 criteria are applied (10, 25, 26). Unfortunately, early and robust characterization of the extent and
disease course of kidney injury remains an issue in clinical practice. Thus, new, innovative biomarkers with
improved prognostic and diagnostic abilities and, in the best scenario, with therapeutic implications will
have immense clinical impact (9, 27).

In the current study, we report that circulating levels of the immune-derived glycoprotein suPAR can
discriminate between clinically relevant subsets of SI-AKI severity (highest AKI stage) and patients that died
or required RRT at any time point within 7 days of sepsis diagnosis. In addition, suPAR was not only a lon-
gitudinal indicator of maximal disease severity over 7 days, but also distinguished between different SI-AKI
courses such as transient AKI, persistent AKI, and AKI requiring RRT at any time point studied. There-
by, suPAR represents a unique biomarker to combine these diagnostic capabilities, holding out the prospect
for meaningful biomarker-guided AKI management in sepsis (9). These special characteristics and kinetics
clearly separate suPAR from traditional kidney function biomarkers as well as recently developed damage
biomarkers whose performance — mainly based on their short half-life — is largely dependent on the timing
of measurement (9, 14, 28, 29). Further highlighting the clinical relevance of suPAR, baseline suPAR values
showed the highest AUC for predicting all studied endpoints, compared with traditional and all newer avail-
able kidney biomarkers. In combination with SCr, outcome prediction increased further, reaching the highest
AUC of all biomarker combinations studied. The combination of suPAR and SCr even statistically outper-
formed combinations of SCr with damage biomarkers such as albuminuria or KIM-1, and was more or less
equivalent to SCr combined with NGAL, the latter, however, being an additional leukocyte- and liver-derived
biomarker in sepsis rather than an independent kidney damage biomarker (30-32). Moreover, a model to
predict RRT or death that included all kidney biomarkers studied, improved further by adding suPAR to the
model, highlighting once more suPAR’s additive diagnostic value.

Our data not only support the relevance of suPAR as a new diagnostic biomarker, but more important-
ly strengthen the concept that suPAR — in contrast to the above-mentioned biomarkers — is a direct patho-
physiological driver involved in SI-AKI. We found pronounced ultrastructural kidney damage, impaired
kidney function, and poor survival associated with high blood suPAR levels in a polymicrobial murine
sepsis model. While transgenic overexpression of blood suPAR resulted in even more pronounced kidney
damage, uPAR-KO (no circulating suPAR) showed strong protective effects, including improved kidney
function and survival, clearly linking increased suPAR expression to increased injury in SI-AKI. In line
with our data, an experimental study by Kiyan et al. recently demonstrated improved organ function in
uPAR-KO mice in sepsis (22). The authors attributed this to decreased Toll-like receptor 4 (TLR4) signaling
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Table 3. ROC analysis for the prediction of RRT or death and major adverse kidney events within 7 days of sepsis diagnosis

Biomarker at AUC-ROC for RRT or death within 7 d AUC-ROC for MAKE,
enroliment AUC (95% Cl) P value (AUC) delLong’s P value AUC (95% Cl) P value (AUC) delLong's P value
(SCr + suPAR) (SCr + suPAR)
SCr + suPAR 0.81(0.73-0.89) <0.001 - 0.82(0.77-0.88) <0.001 -
SCr + NGAL 0.80(0.73-0.88) <0.001 0.851 0.82 (0.76-0.88) <0.001 0.822
SCr + 0.76 (0.68-0.85) <0.001 0.225 0.79 (0.73-0.85) <0.001 0.238
TIMP2:IGFBP7*
SCr + KIM-1 0.74 (0.65-0.82) <0.001 0.072 0.76 (0.69-0.83) <0.001 0.012
SCr + albuminuria | 0.75(0.66-0.83) <0.001 0.046 0.77 (0.70-0.83) <0.001 0.020
suPAR 0.79 (0.71-0.86) <0.001 0.245 0.78 (0.71-0.84) <0.001 0.022
NGAL 0.74 (0.65-0.84) <0.001 0.203 0.77 (0.71-0.84) <0.001 0117
TIMP2:IFGBP7* 0.70 (0.60-0.80) <0.001 0.066 0.68 (0.60-0.75) <0.001 0.002
KIM-1 0.49 (0.39-0.59) 0.874 <0.001 0.58 (0.50-0.66) 0.057 <0.001
SCr 0.73 (0.64-0.81) <0.001 0.014 0.76 (0.69-0.82) <0.001 0.008
Proteinuria 0.64 (0.54-0.73) 0.006 0.001 0.70 (0.63-0.77) <0.001 0.003
Albuminuria 0.66 (0.57-0.76) 0.001 0.005 0.70 (0.62-0.77) <0.001 0.002

AUC-ROC, area under the receiver operating characteristics curve; KIM-1, kidney injury molecule 1; MAKE,, major adverse kidney events within 7 days of
sepsis diagnosis; NGAL, neutrophil gelatinase-associated lipocalin; RRT, renal replacement therapy; SCr, serum creatinine; suPAR, soluble urokinase
plasminogen activator receptor; TIMP2+IGFBP?7, tissue inhibitor of metalloproteinases 2 « insulin-like growth factor-binding protein 7. Biomarkers at the time
of enrollment were used for analyses. AValues missing in 3 patients due to insufficient urine output. Diagnostic performance was assessed by ROC analyses.
deLong’s test was used for comparison of AUC-ROC values.

in uPAR-KO mice via mitigated innate immune response and cytokine release. Though we were able to
reproduce the protective effect of uPAR-KO in our sepsis model, systemic levels of cytokines such as IL-6
were not significantly different between the studied strains.

Infiltration of immune cells is considered another pathophysiologic cornerstone of kidney injury
(1). While massive neutrophil infiltration is a hallmark of ischemia reperfusion injury—induced (IRI-in-
duced) AKI, data on histopathologic changes in SI-AKI are inconsistent and poorly understood (33—
37). We now find that overall kidney immune cell composition in early experimental sepsis (first 24
hours) is characterized by dominant infiltration of CD4* and CD8" T cells, and NK1.1* cells. Partic-
ularly, the amount of kidney T cells is closely linked to kidney function impairment and the extent of
corresponding systemic suPAR elevation in sepsis. Numbers of kidney NK1.1* cells, however, were less
dependent on blood suPAR levels in sepsis. On the other hand, we made the astonishing observation
that solely high blood suPAR levels in untreated msuPAR1-OE mice led to upregulated kidney tissue
levels of IL-16 and CCL3, with increased frequencies of kidney T cells and NK1.1* previously observed
in septic WT mice. Since IL-16 and CCL3 are both potent chemoattractants for T and NK cells (38—40)
and known molecules involved in cell-mediated kidney damage, this indicates a distinct role of the
suPAR molecule for kidney tissue inflammation and subsequent organ damage (41, 42). Also, urinary
IL-16 levels have recently been identified as an indicator of kidney tissue inflammation in lupus nephri-
tis (43). The significance of downregulated TSP4 levels in untreated msuPAR1-OE, however, remains
unclear and requires further clarification.

Taken together, our data show that suPAR represents a mediator of kidney tissue inflammation in
SI-AKI that triggers and aggravates AKI in the presence of additional inflammatory stimuli. Our finding
that untreated msuPAR1-OE mice exhibit inflamed kidney tissue and are known to develop impaired kidney
function over time reinforces suPAR’s role as predisposing risk factor for chronic kidney disease (CKD) and
AKI of other causes, and is in line with the observation in humans that high suPAR levels predict future
decline in glomerular filtration rate (44—46).

In particular, the fact that elevated suPAR levels are capable of fueling kidney tissue inflammation in
septic and nonseptic conditions — and that uPAR-KO protects against SI-AKI — identifies suPAR as a key
signaling molecule and target for novel kidney-protecting therapies through targeting the immune system.

Further, in contrast to recently developed damage biomarkers such as TIMP2<IGFBP7, suPAR’s direct
pathophysiological involvement and long-lasting kinetics provide robust, longitudinal information on the
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Figure 3. Elevated blood levels of suPAR are associated with enhanced kidney tissue damage, kidney function impairment, and poor (kidney)
outcome in murine sepsis. Sepsis was induced via i.p. injection of 250 pL cecal slurry (CS) in C57BL/6 WT (n = 16), uPAR-knockout (KO, n = 15), and
transgenic C57BL/6 with overexpression of suPAR (OE, n = 14). Glycerol (GLY, 15%) served as control in WT (vehicle control, n = 10). (A) H&E staining
of kidneys from different mouse strains 24 hours after sepsis induction. Original magnification, x40. Scale bar: 100 um. (B) Maximum serum creat-
inine (SCr) changes from baseline within 24 hours and (C) urea 24 hours after sepsis induction. (D) sSuPAR levels at baseline and (E) 24 hours after
sepsis induction. (F) IL-6 levels 6 hours after sepsis induction. (G) Survival analysis of different mouse strains. Survival: WT GLY, 10/10 (100%); WT
CS, 11/16 (69%); KO CS, 13/15 (87%); OE CS, 7/14 (50%). Data are reported as mean + SEM. One-way ANOVA test was used for group comparisons
(B-F), and the Kaplan-Meier method and log-rank testing were used for survival analyses (G).
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Figure 4. Characterization of kidney leukocyte subsets in C57BL/6 WT, uPAR-KO, and transgenic C57BL/6 with overexpression of suPAR reveals a link
between increased blood suPAR levels and kidney T cell accumulation, kidney function impairment, and local upregulation of inflammatory cytokines.
(A-D) Strain-dependent characterization of leukocyte subsets by flow cytometry after 24 hours of sepsis induction (left) via i.p. injection of 250 pL cecal
slurry (CS) and untreated mice (right). Injection of 15% glycerol (GLY) served as control (vehicle solution). (E) Exemplary double immunofluorescent stain-
ing for podocin (green) and CD8* T cells (red) of kidney tissue from different mouse strains after 24 hours of sepsis. Nuclei were stained with DAPI (blue).
Spleen tissue served as positive (primary and secondary antibody) and negative (secondary antibody only) control (data not shown). To quantify kidney
immune cell aggregation, the mean cell number was determined from 10 representative high-power fields per animal (see supplemental material). Original
magnification, x40. Scale bar: 100 um. (F) Correlation analysis of kidney T cells and corresponding blood serum creatinine (SCr) and suPAR levels in WT
sepsis. (G) Kidney Luminex analysis of homogenized kidney tissue of untreated WT and suPAR-OE mice. CCL, C-C motif chemokine ligand 3; MFIl, median
fluorescence intensity; TSP4, thrombospondin 4. Data are reported as mean + SEM. One-way ANOVA test was used for multiple group comparisons (A-D),
correlations were assessed by using Pearson'’s correlation analysis (F), and 2-tailed Student’s t test was used for pairwise comparisons (G).

activity of kidney tissue inflammation, kidney damage, and prognosis in SI-AKI. Thus, suPAR differs
conceptually from classical biomarkers, showing that an immune-derived molecule can be used for sever-
ity grading and prognostic assessment of SI-AKI. Though further research is needed, the cross-linking of
suPAR with tissue inflammation may be generalizable to other organs, explaining for the first time to our
knowledge why high blood suPAR levels are predictive for inflammatory organ dysfunction of various
kinds (12-14, 23, 24).

Lastly, our results suggest a specific role of T cell-mediated kidney damage within the first 24 hours
of sepsis. In contrast to neutrophils, differences in kidney T cell numbers correlated strongly with impaired
kidney function and ultrastructural kidney damage. In line with this, growing evidence emphasizes the role
of T lymphocytes for AKI pathogenesis and magnitude (33, 43, 44). Naive CD4" cells can differentiate into
Tregs, and into Thl, Th2, and Th17 cells, producing relevant amounts of IFN-y, IL-4, and IL-17, respec-
tively. In particular, Th1-dominant immune response patterns seem to result in greater, [FN-y—driven kidney
injury, as highlighted in a study by Rabb et al. (47). In contrast, favoring Th2 signaling pathways with IL-4
production has been reported to be protective against IRI-AKI (48). But, CD8" cells also possess the capacity
to harm cellular kidney structures by differentiating into cytotoxic effector cells, which produce relevant
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amounts of IFN-y and TNF-a (49-51). In addition, a critical role of Tregs in early sepsis was recently high-
lighted by a study, in which their depletion had a protective effect in SI-AKI (34). Accordingly, several other
studies linked T cells to AKI emergence by showing that depletion of CD4" and CD8* cells protects against
cisplatin- and IRI-induced AKI (52-54). However, the kinetics of conventional T cell activation (at least 3
days) is a source of major controversy since it is not congruent with the rapid impairment of kidney function
that occurs within the first 24 hours of sepsis (55). This is why faster, antigen-independent mechanisms for
T cell activation, as are known for NK1.1* T cells, are coming into focus (56-58). NK1.1* T cells possess the
ability to produce large amounts of IFN-y and IL-17 within hours of activation (56-58). NK1.1* T cells can
be activated directly by microbial glycolipids presented on CD1d or indirectly through IL-12 produced by
TLR-stimulated dendritic cells (59). There is also evidence that activation of NK1.1* T cells leads to severe
damage to kidney endothelial cells and thus significantly impairs kidney function and integrity (60). In our
study, however, the frequency of CD3*NK1.1* kidney cells was hardly related to the magnitude of kidney
injury and suPAR elevation. More recently, Th17 cells have emerged as potential players in the pathophysiol-
ogy of AKI, but there are still many questions that need to be clarified to assess their true relevance (55, 61).
It is also worth noting that most of the results discussed above are derived from IRI-AKI models and may
have limited applicability to SI-AKI given its very different pathophysiology (1).

Finally, the sepsis model used may itself have an impact on results, as it has already been shown that
artificial endotoxin-based sepsis models may lead to different histopathologic findings than models using
live bacteria for sepsis induction (33). The strength of our CS sepsis model is that it induces polymicrobial
sepsis that closely resembles human sepsis and, unlike cecal ligation— and puncture-induced sepsis models,
allows for reproducible sepsis severity (62).

We recognize the limitations of the single-center design and that presented clinical cutoff values for
suPAR need further validation in larger, multicenter cohorts. Nevertheless, its unique longitudinal biomark-
er properties, and the combination of additional diagnostic benefits over conventional kidney parameters
with the experimental proof that suPAR is directly involved in kidney pathologies in sepsis, stands out from
most recently developed damage biomarkers. We also acknowledge that the incidence of septic shock and
AKI is higher in our cohort, as expected from previous literature and similar populations. This may be based
on a selection bias, as the most severely ill patients from our center and adjacent catchment area were admit-
ted to the 2 ICUs where the study was conducted. This fact is underlined by an overall higher disease severity
(SOFA score) and a higher incidence of septic shock in our cohort, compared with equivalent studies in
septic patients (7). Importantly, the high incidence of SI-AKI does not affect the quality of our analyses,
since our outcome measures were clearly predefined. In addition, we have made great efforts to obtain the
most precise information on baseline creatinine levels prior sepsis to allow for most accurate AKI staging.

To conclude, the integration of immune-derived molecules such as suPAR for disease grading of
SI-AKI represents, to our knowledge, a novel approach and new biomarker category for managing AKI
and T cell-driven kidney inflammation. Our findings may have large clinical implication since suPAR test-
ing is widely available and holds great potential for future kidney-protective therapeutics in sepsis.

Methods
Study design, definitions, and clinical endpoints. This prospective, observational study was conducted at Heidel-
berg University Hospital, Germany. Between May 2017 and September 2019, 200 critically ill patients with
positive Sepsis-3 criteria at ICU admission were enrolled and treated according to the newest sepsis guidelines
(63). Serum suPAR concentration was measured at 0 hours, 12 hours, 24 hours, 48 hours, 72 hours (3 days),
96 hours (4 days), 120 hours (5 days), and 168 hours (7 days) after the time of sepsis diagnosis. suPAR ELI-
SAs were provided by ViroGates. Serum concentrations of NGAL and KIM-1 and urine concentrations of
TIMP2<IGFBP7 were measured at 0 hours (patient enrollment). The primary outcome measure was RRT
or death within 7 days starting from the time of sepsis diagnosis. Restrictive RRT criteria were predefined.
AKIT definition was based on the KDIGO criteria (urine output and SCr criteria) (4). Additional outcomes
were RRT, 7-day mortality, transient and persistent AKI, major adverse kidney events within 7 days of sepsis
diagnosis (MAKE.: combinatory endpoint of RRT, death or persistent AKT), and 30-days all-cause mortality.
For more information on secondary outcomes, laboratory methods, detailed inclusion, exclusion and RRT
criteria, and definitions of baseline SCr as well as transient and persistent AKI, see the supplemental material.
Murine sepsis model, tissue analyses, and flow cytometry. A CS polymicrobial sepsis model was used, as
recently described (62). Briefly, using the filtered cecal contents of C57BL/6 mice diluted with sterile water,
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PBS, and glycerol, a CS stock solution containing 6.31 x 10 colony-forming units (CFU) per mL in 15%
glycerol was prepared and stored in cryovials at —80°C. For sepsis induction, CS cryovials were thawed
and immediately used for intraperitoneal injection of different mouse strains (9-12 weeks old, male). For
each experiment, constant bacterial viability was assured for comparable sepsis severity. The optimal CS
dose of 250 pLL was determined by a titration study that demonstrated a strong correlation between blood
suPAR levels, progressive kidney function impairment, poor survival, and the number of positive blood
cultures with increasing CS doses in C57BL/6 WT (Supplemental Figure 10). Glycerol (15%) was used as
a control to exclude potential glycerol-related effects regarding kidney function and damage. C57BL/6 and
uPAR-KO (Plaur”’") mice were purchased from The Jackson Laboratory and the transgenic msuPAR1-OE
model, overexpressing full-length suPAR in adipocytes, was generated in-house as recently described (44).
All animals were sacrificed for further testing 24 hours after sepsis induction. Methodology of biomarker
measurements, kidney Luminex assay, and tissue and flow cytometry analyses (Supplemental Figure 11)
are provided in the supplemental material.

Statistics. Statistical analyses were performed using SPSS Statistics 28 (IBM), Prism 9 (GraphPad Soft-
ware), and FlowJo 10.7 Software (BD Life Sciences). Two-sided P values of less than 0.05 were considered
statistically significant. Continuous variables are presented as mean (+SD); categoric variables are presented
as proportions (%). ANOVA test was used for multiple-group comparisons, 2-tailed Student’s ¢ test was used
for pairwise comparisons, and y? test for categorical variables. Correlations were assessed by using Pearson’s
correlation analysis. Survival differences of mouse strains were evaluated by the Kaplan-Meier method and
log-rank testing. deLong’s test was used for comparison of areas under the receiver operating characteristics
curves (AUC-ROC). To identify determinants of AKI, we used one logistic regression model with “RRT or
death” and MAKE. as binary dependent variables adjusting for age, male sex, CKD, and SCr levels and the
presence of septic shock at study inclusion, and another model with the same dependent variables adjusting
for age, male sex, CKD, and SOFA score at enrollment (Table 2). To determine additional diagnostic value
of suPAR over all kidney biomarkers studied, we utilized 2 models to predict RRT or death, including SCr,
NGAL, KIM-1, TIMP-2.IGFBP7, and albuminuria at baseline with and without suPAR at baseline.

Study approval. The human studies at Heidelberg University Hospital were approved by the local Ethics
Committee of the Medical Faculty of Heidelberg (S-200/2017) and registered at the German Clinical Tri-
als Register (DRKS-ID: DRKS00012446). Written informed consent was obtained from all participants or
their legal representatives. All animal experiments were carried out according to NIH Guide for the Care and
Use of Laboratory Animals (National Academies Press, 2011) and approved by the Rush University (Chica-
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