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Urine Complement Factor Ba Identifies
Persistent Acute Kidney Injury and Organ
Failures in Critically lll Adults
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Introduction: Critically ill adults with acute kidney injury (AKI) have high morbidity and mortality and lack
treatment options. We assessed the association between complement activation (urine Ba fragment
levels), and AKI and organ failures.

Methods: A biorepository of critically ill adults was leveraged. AKI staging was based on the Kidney
Disease Improving Global Outcomes serum creatinine (sCr) criteria. AKI recovery was defined as sCr
reduction to <0.3 mg/dl above baseline within 48 hours after AKI diagnosis. Persistent AKI was defined as
need for renal replacement or no sCr recovery. Urine was obtained at intensive care unit (ICU) admission,
and at 12 and 24 hours after admission; and urine Ba levels were quantitated via enzyme-linked immu-
nosorbent assay and natural log transformed. Regression analyses were performed to test the association
between urine Ba and organ failure outcomes. We adjusted for age and the acute physiology and chronic
health evaluation Il (APACHE-II) score, which is used to classify ICU severity of illness.

Results: A total of 439 patients were included: 252 without AKI, 124 with stage 1 AKI, 43 with stage 2 AKI,
and 20 with stage 3 AKI. After adjusting for covariates, urine Ba increased as AKI stage increased. Urine Ba
was higher in patients with persistent AKI compared with patients with AKI recovery and without AKI.
Increased urine Ba was associated with worse organ failure outcomes (fewer ventilator, ICU, and inotrope-
free days, and fewer days alive).

Conclusion: Urine Ba is increased in patients with severe AKI and discriminates between patients who
have AKI recovery and patients who develop persistent AKI. A doubling of urine Ba was associated with a
6.6-fold increased odds of persistent AKI. Future studies to validate these findings and to trial complement
factor B inhibition are warranted.
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See Commentary on Page 306 as gold standard for diagnosis; however, it is a delayed

marker of renal injury and cannot distinguish between

KI in critically ill adults is a heterogeneous syn-

drome that is independently associated with high
morbidity and mortality. Patients who survive have
higher rates of chronic kidney disease progression,
cardiovascular events, and mortality.l Other than
supportive care, there are no treatment options likely
because of multifactorial etiology. Further, sCr is used
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fluid-responsive prerenal AKI and persistent AKL.” The
identification of other biomarkers could lead to more
personalized therapy options and targeted prognostic
enrichment into future clinical trials.

The complement cascade is part of the innate im-
mune system, and emerging evidence identifies com-
plement activation fragments,”” as potential AKI
biomarkers. Complement proteins, especially factor B,
have been implicated in the pathogenesis of numerous
primary kidney diseases, and there is emerging evi-
dence of its role in AKI in critically ill adults and
children.”®®*"'" Factor B is integral in the alternative
pathway’s amplification loop, which leads to increased
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generation of complement factors (anaphylatoxins C3a,
C5a, and membrane attack complex C5b-9) that cause
damage via sublytic effects and lysis of cells.”'*"’
Urine Ba is a complement activation fragment that re-
flects factor B activation either because of systemic
inflammation and filtration of complement proteins
and/or localized tubular complement activation. In
adults with AKI after cardiac surgery, urine Ba, a
marker of alternative pathway activation, increased
proportional to AKI severity and before the increase in
sCr.” In critically ill children, urine Ba increased as AKI
severity increased,” had the highest levels in AKI from
sepsis,4’5 and was increased up to 24 hours before sCr
elevation.’

The aim of this study was to determine the associ-
ation between urine Ba and organ failures, including
AKI, in a large cohort of critically ill adults. We hy-
pothesized that urine Ba would be able to discriminate
between patients without AKI, patients who had AKI
recovery, and patients with persistent AKI for over 48
hours. Further we hypothesized the higher urine Ba
values would be associated with higher AKI severity
and other organ failures as defined by days free from
intensive care, ventilatory support, and/or inotropic
support.

METHODS

Patient Identification

An ancillary study was performed using a bio-
repository developed through the EARLYARF Trial.
This trial was a double-blind placebo-controlled trial
studying the effect of early erythropoietin on pre-
vention of AKI development in critically ill adults.'
The study was approved by the Multiregional Ethics
Committee of New Zealand (MEC/050020029) and
registered under the Australian New Zealand Clinical
Trials Registry (ACTRN012606000032550). The study
was conducted in adherence to the Institutional Re-
view Board and Declaration of Helsinki standards.
Details of inclusion and exclusion criteria, consent,
sample collection, and urine biomarker analysis are
well-described.’*'® In brief, eligible patients were
critically ill adults with expected ICU length of stay >
24 hours, survival > 72 hours, did not have a 3 times
increase in sCr at ICU admission, were not anuric, not
on renal replacement therapy or expected to require
within 48 hours, had no signs of hematuria or rhab-
domyolysis, and were not receiving chemotherapy.
ICU severity of illness was estimated using the
APACHE-II score; and the sequential organ failure
assessment score, the ICU measure of organ function or
rate of failure.
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AKI Classification and Diagnosis

The Acute Kidney Injury Network sCr definition of
AKI was used for AKI diagnosis; it is an absolute in-
crease in sCr = 0.3 mg/dl or an increase =50% within
48 hours.'” Daily sCr was obtained for 7 days. For
patients (49% of cohort) without baseline sCr before
admission, the lowest of the on-admission, final ICU, or
follow-up sCr was determined as baseline; this
approach has been previously well-validated.'”'® Pa-
tients without AKI for 72 hours of admission served as
the control group (no-AKI). Renal recovery was defined
as sCr reduction to <0.3 mg/dl above baseline within
24 or 48 hours after AKI diagnosis. Persistent AKI was
defined as no recovery within 48 hours after AKI
diagnosis or need for renal replacement therapy.

Outcomes

For the initial trial and this post hoc analysis, the pri-
mary outcome of interest was the stage of AKI, which
was defined using sCr Kidney Disease Improving
Global Outcomes criteria.'” Secondary outcomes of in-
terest included persistent AKI, days alive, and organ
failure—free days. Information on organ failures was
available for up to 14 days after ICU admission and
included ICU-free days, invasive ventilator—free days,
and inotrope-free days. Only patients who survived the
first 14 days were included in the organ failure—free
days analysis.

Urine Biomarker Analysis

Urine was obtained on ICU admission and at 12 and 24
hours post admission. Urine samples were stored
at —80 °C until batch analysis for previous urinary
biomarker analysis (cystatin C, KIM-1, IL-18, and
UNGAL'®). Levels of Ba in urine were measured using
commercially available enzyme-linked immunosorbent
assays validated for clinical diagnostics (Quidel, San
Diego, CA). Urine Ba values (ng/ml) were measured at
multiple time points depending on biospecimen avail-
ability. The coefficient of variation of interassay
reproducibility is 3.4% and for intraassay reproduc-
ibility is 2.2%. A proportion of measurements were
made in duplicate, and all were in a blinded fashion.

Statistical Analysis

Because previous analyses showed that erythropoietin
had no effect on AKI outcomes, this analysis combines
both treatment (erythropoietin) and placebo arms.
Admission characteristics between groups were
compared using l-way analysis of variance, Kruskal-
Wallis rank sum test, and Fisher exact test. Because
urine Ba was not normally distributed, it was natural
log transformed. The mean value (including admission,
12 hours, and 24 hours) was used in logistic and linear
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regression analyses. Logistic regression analyses were
performed to test the strength of the association be-
tween urine Ba values and AKI stages, and covariates
were prespecified and included age and APACHE-II
score. Additional logistic regression analyses adjusted
for these same covariates and tested the association
between urine Ba and persistent AKI. Linear regression
was performed to test the association between urine Ba
and organ failure measurements, both on univariate
analysis and multivariate analysis. Subanalyses were
performed to determine the association between urine
Ba and persistent AKI development in 2 sub-
populations. The first group comprised patients with
AKI diagnosed on admission. The second group
comprised patients admitted without AKI, which
encompassed patients who never had AKI and patients
who developed AKI within 24 to 48 hours after
admission.

RESULTS

Of the original 528 patients enrolled, 439 patients had
available biospecimens and clinical information and
were included in this study. Of those, 252 (57%) had
no AKI, 123 (28%) had AKI at ICU admission, and 64
(15%) developed AKI at 24 to 48 hours after ICU
admission (Figure 1). Of those who had AKI on
admission, 63 (51%) had persistent AKI, whereas 60
(49%) had AKI recovery within 48h. Similar pro-
portions were observed in patients who developed AKI
at 24 hours or 48 hours after ICU admission.
Admission demographics are shown in Table 1. Pa-
tients who developed stage 3 AKI tended to be younger
(average of 57.4 &= 17.4 years) compared with patients
who developed stage 1 AKI (64.3 &= 16.9 years) (P =
0.008). Patients who developed stage 3 AKI had higher
APACHE-II score (median: 22.1; interquartile range
[IQR]: 17.5-27.5) compared with patients without AKI
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(median: 16.8; IQR: 13-20) (P < 0.001). Patients with
stage 3 AKI had higher estimates of illness severity
using overall sequential organ failure assessment score,
and the respiratory and cardiovascular subscores.

On univariate analysis, patients with stage 3 AKI
had worse organ failures compared with patients
without AKI (Table 2). There was no difference in
mortality rate. On average, patients with stage 3 AKI
had 2 fewer days free from ventilator support (8.2 days;
IQR: 5.8-12.3) compared with patients without AKI
(10.3 days; IQR: 8-13) (P = 0.037). Patients with stage 3
AKI also had over 2.5 fewer days free from inotrope
support (8.9 days; IQR: 7.8-12) compared with patients
without AKI (11.6 days; IQR: 12-14) (P < 0.001).
Finally, patients with stage 3 AKI had 2.5 fewer ICU-
free days (6.9 days; IQR: 5-10.3) compared with pa-
tients without AKI (9.5 days; IQR: 7-13) (P = 0.001).
There were no significant differences between patients
with stage 1 or 2 AKI and patients without AKI.

Urine Ba increased stepwise as AKI stage increased at
multiple time points after adjusting for age and
APACHE-II scores (Figure 2). A similar pattern was
observed after adjusting urine Ba values for urine
creatinine values (Supplementary Tables S1 and S2).
Patients with stage 3 AKI had significantly higher urine
Ba than patients without AKI at all time points: ICU
admission (average In_urine Ba: 6.5 +2.5vs. 4.7+ 2.2;
P = 0.0004), 12 hours after admission (average In_urine
Ba: 7.3 £ 1.2 vs. 4.8 &£ 2.1; P < 0.0001), and 24 hours
after admission (average In_urine Ba: 7.4 = 0.9 vs. 5.1
£ 1.9; P < 0.0001). Urine Ba in patients with stage 2
AKI was significantly higher than urine Ba from pa-
tients without AKI at all time points: ICU admission
(average In_urine Ba: 6.0 & 2.1; P = 0.0013), 12 hours
(average: 6.1 &= 2.5; P = 0.0036), and 24 hours (average:
6.5 £ 2.5; P = 0.0009). Similarly, urine Ba was higher
in patients with stage 1 compared with no AKI: ICU

Analyzed Patients
(n=439)
»| Patients without AKI
v (n =252)
Patients with AKI
(n=187)

P Tea

(n=123)

AKI at admission

AKI at 24h to 48h
(n=64)

| Recovery by 48h | |60 (49%) |

Persistent AKI

A
| 63 (51%) |

33 (51%)

Y

| 31 (49%) |

Figure 1. Consort diagram showing number of patients included in the study and AKI diagnoses. AKI, acute kidney injury.
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Table 1. Demographics of included patients

CLINICAL RESEARCH

Overall No AKI

Variable N = 439 N = 252
Admission characteristics
Age, mean (SD), yr 60.4 (17.1) 58.3 (17.5)
Baseline plasma creatinine 0.85 (0.68-1.04) .79 (.68-1.02)
APACHE-II 17.9 (13-21) 16.8 (13-20)
Overall SOFA 6 (4-8) 5 (4-7)

SOFA Respirafory 2 (1-3) 2 (1-3)

SOFA Cardiovascular 1 (0-3) 1 (0-3)

Admission category

Abdominal Surgery 81 (18.5%) 37 (14.8%)

Trauma/burn 43 (9.8%) 31 (12.4%)
Cardiac 134 (30.7%) 78 (31.2%)
Neurologic 60 (13.7%) 45 (18%)
Sepsis 26 (6%) 7 (2.8%)
Pulmonary 89 (20.4%) 49 (19.6%)

Stage 1 AKI Stage 2 AKI Stage 3 AKI
N=124 N=43 N=20 P-value
64.3 (16.9) 63.2 (14.2) 57.4 (17.4) 0.008°
95 (77-1.17) 79 (.68-1.02) .79 (0.67-.90) NS
19.0 (15-22) 18.8 (16-21) 22.1 (17.5, 27.5) <0.001°
7 (5-8) 8 (6-9) 9 (6-11) <0.001°
2 (2-3) 3 (2-3) 3(1.9-3.3) <0.001°
2 (0-4) 3 (1-4) 3 (1-4) <0.005°
<0.005°
24 (19.4%) 14 (32.6%) 6 (30%)
10 (8%) 1 (2%) 1 (5%)
42 (33.9%) 11 (25.6%) 3 (15%)
12 (9.7%) 1 (2.3%) 2 (10%)
14 (11.3%) 2 (4.7%) 3 (15%)
22 (17.7%) 13 (30.2%) 5 (25%)

AKI, acute kidney injury; APACHE-II: Acute Physiology and Chronic Health Evaluation II; an ICU severity of illness classification; ICU, intensive care unit; IQR, interquartile range; SOFA,
sequential organ failure assessment score; and ICU measure of organ function or rate of failure.

?0ne-way analysis of variance.
PFisher exact test.
Mean (SD) or median (IQR) are shown.

admission (average: 5.7 £ 2.1; P = 0.0007), 12 hours
(average: 5.9 £ 1.9; P =0.0005), and 24 hours (average:
6.0 = 2.2; P = 0.0009). At 12 hours, there was a sig-
nificant difference between stage 1 and 3 AKI (P =
0.0022) and stage 2 and 3 AKI (P = 0.015). At 24 hours,
the difference between stage 1 and 3 AKI persisted
(P = 0.0023) as did the difference between stage 2 and
stage 3 (P = 0.0015).

The ability to differentiate between patients with
persistent AKI compared with AKI recovery and no
AKI was then assessed (Figure 3). After adjusting for
age and APACHE-II score, urine Ba was significantly
higher in patients who developed persistent AKI
compared with patients with AKI recovery or no AKI.
At ICU admission, urine Ba was highest in patients who
developed persistent AKI (average In_urine Ba: 6.1 &
2.1) compared with patients with AKI recovery
(average In_urine: 5.3 & 2.4; P =0.002) and patients
without AKI (average In_urine: 4.7 & 2.1; P < 0.0001).
Similar differences were observed at 12 hours: persis-
tent AKI (average In_urine: 6.5 &= 1.7) was higher than
AKI recovery (average In_urine 5.5 &£ 2.3; P = 0.004)
and no AKI (average In_urine: 4.8 &= 2.1; P < 0.0001)
and also at 24 hours after ICU admission: persistent AKI

Table 2. Univariate outcomes of interest based on AKI staging

(average In_urine: 6.6 4= 1.9) was higher than AKI re-
covery (average In_urine: 5.7 £ 2.3; P = 0.01) and no
AKI (average In_urine: 5.1 £ 1.9; P < 0.0001).

Multivariate analysis was performed to predict
persistent AKI (Table 3). Because persistent AKI could
not be diagnosed until at least 48 hours after ICU
admission, all 3 time points (admission, 12 hours, and
24 hours) were used in these analyses. After adjust-
ment for age and APACHE-II score, urine Ba was
associated with an almost 7-fold increased odds of
persistent AKI (odds ratio: 6.6; 95% confidence in-
terval [CI]: 1.5-29.6; P = 0.013). Subanalysis showed
that in patients admitted with AKI and after adjust-
ing for age and APACHE-II score, urine Ba was
associated with increased odds of developing persis-
tent AKI (odds ratio: 1.30; 95% CI 1.043-1.613; P =
0.019). Similarly, in patients admitted without AKI
and after adjusting for age and APACHE-II score,
urine Ba was associated with increased odds of
developing persistent AKI (odds ratio: 1.37; 95% CI
1.06-1.77; P = 0.015).

The association between mean urine Ba and organ
failures was also investigated (Table 4). A higher mean
urine Ba was associated with fewer days alive (estimate:

Overall No AKI Stage 1 AKI Stage 2 AKI Stage 3 AKI
Outcomes of Interest N = 439 N = 252 N =124 N =43 N=20 P-value
Ventilator-free days 10 (7-13) 10.3 (8-13) 10.1 (7-13) 10.9 (7-12.5) 8.2 (6.8-12.3) 0.037°
Inotrope-free days 11.4 (11-14) 11.6 (12-14) 11.4 (11-13.3) 11.0 (10-13) 8.9 (7.8-12) <0.001°
ICU-free days 9.3 (7-12) 9.5 (7-13) 9.6 (7-12) 8.7 (7-11) 6.9 (6-10.3) 0.001°
Mortality (%) 17.8% 18.6% 16.1% 16.3% 20% 0.9°
AKI, acute kidney injury; ICU, intensive care unit, IQR, interquartile range.
#Kruskal-Wallis rank sum test.
PFisher exact test.
Mean (IQR), n (%) are shown.
Kidney International Reports (2025) 10, 424-431 427
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ICU Admission

p = 0.0004

10
p =0.0013

p =0.0007

Average + SD Ln_Urine Ba values

12 hours

p<0.0001

p =0.0022

p=0.015
r

p = 0.0036

24 hours

p<0.0001

= 0.0023

—R=00009

p=0.015

| — |
= 0.0009
I No AKI (n = 265)
- Stage 1 AKI (n = 120)
i I stage2AKi(n=42)

. Stage 3 AKI (n = 20)

Figure 2. Urine Ba values and AKI staging. Average and SDs of Ln_Urine Ba values are shown based on AKI staging. Multiple time points are
shown, including ICU admission, 12 hours after admission, and 24 hours after admission. There were significant differences between patients
without AKI compared with patients with AKI at all timepoints. AKI, acute kidney injury; ICU, intensive care unit.

0.71; 95% CI: 0.56-0.88; P = 0.0025), fewer ventilator-
free days (estimate: 0.75; 95% CI: 0.60-0.93; P =
0.008), fewer inotrope-free days (estimate: 0.76; 95%
CL: 0.62-0.92; P = 0.004), and fewer ICU-free days
(estimate: 0.74; 95% CI: 0.60-0.91; P = 0.005).

DISCUSSION

This is the first study that examined urine comple-
ment B fragments in critically ill adults in a moder-
ately sized, heterogeneous cohort. Urine Ba increased
in a stepwise fashion as AKI severity increased and

10

-]

Average = SD Ln_Urine Ba values
H (<))

ICU Admission

p <0.0001
p =0.002

12 Hours

p <0.0001

p =0.004

24 Hours

p <0.0001
p =0.01

No AKI
(n = 265)

AKI Recovery
(n=58)

. Persistent AKI
(n=90)

Figure 3. Urine Ba values and AKI persistence. Average and SDs of Ln_Urine Ba values are shown based on persistent of AKI. Multiple time
points are shown, including ICU admission, 12 hours after admission, and 24 hours after admission. There were significant differences
between patients who developed persistent AKlI compared with patients who had AKI recovery and no AKI. AKI, acute kidney injury; ICU,

intensive care unit.

428

Kidney International Reports (2025) 10, 424-431



EK Stenson et al.: Urine Ba AKI

Table 3. Prediction of persistent AKI by urine Ba

Population Included Model 0dds ratio (95% CI) P-value
Entire cohort Urine Ba unadjusted 5.7 (1.6-29.6) 0.02
Urine Ba adjusted” 6.6 (1.5-29.6) 0.013
AKI af admission Urine Ba unadjusted 1.29 (1.04-1.61) 0.02
Urine Ba adjusted” 1.30 (1.04-1.61) 0.019
No AKI at admission Urine Ba unadjusted 1.39 (1.10-1.77) 0.0069
Urine Ba adjusted” 1.37 (1.06-1.77) 0.0156

AKI, acute kidney injury; APACHE-II: Acute Physiology and Chronic Health Evaluation II;
an ICU severity of illness classification; Cl, confidence interval; ICU, intensive care unit.
?Adjusted for age and APACHE-II score.

Urine Ba from all 3 time points (admission, 12 hours, 24 hours) included.

patients who had persistent AKI had higher urine Ba
values compared with patients who had AKI recov-
ery. In patients with similar age and illness severity,
a doubling of urine Ba was associated with a 6.6-fold
increased odds of persistent AKI. Urine Ba therefore
may function as both a biomarker and mediator of
AKI in critically ill adults.

Our findings add to previous preliminary evidence
demonstrating the association between urine Ba and
AKI severity, although this is the first large study to
evaluate this in a heterogeneous cohort of critically ill
adults. In adults after cardiac surgery, urine Ba levels
associated with AKI severity and dialysis use.” This
association was also observed in pediatric patients after
cardiac surgery, as well as heterogeneous cohorts of
critically ill children with and without sepsis.””""*
This is also the first study that used urine Ba values
to discriminate between AKI that recovers within 48
hours and persistent AKI. This opens the possibility of
using urine Ba to help guide management of these pa-
tients. For example, in patients with urine Ba values
suggesting AKI recovery, they may benefit from
further fluid resuscitation. Alternatively, patients with
urine Ba suggesting persistent AKI development may
benefit from conservative fluid resuscitation, increased
optimization of hemodynamics, and avoidance of
nephrotoxins. Although there was some overlap be-
tween these 2 groups, this study lays the groundwork
for future studies that discern between those with
likely AKI recovery and those who will develop
persistent AKI.

Table 4. Prediction of organ failure outcomes by mean urine Ba

Outcome of interest Predictor Estimate 95% Cl P-value
Days alive Urine Ba 0.73 0.58-0.92 0.007
Urine Ba adjusted” 0.71 0.566-0.88 0.0025
Ventilator-free days Urine Ba 0.77 0.61-0.96 0.02
Urine Ba adjusted” 0.75 0.60-0.93 0.008
Inofrope-free days Urine Ba 0.73 0.60-0.89 0.002
Urine Ba adjusted” 0.76 0.62-0.92 0.004
ICU-free days Urine Ba 0.74 0.60-0.92 0.0062
Urine Ba adjusted” 0.74 0.60-0.91 0.0050

APACHE-II: Acute Physiology and Chronic Health Evaluation II; an ICU severity of illness
classification; Cl, confidence interval; ICU, intensive care unit.
?Adjusted for age and APACHE-II score.

Kidney International Reports (2025) 10, 424-431
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Although activation of complement has been impli-
cated in specific diseases causing organ failures, this is
the first study that evaluated the association with urine
Ba and organ failure days in a heterogeneous cohort of
critically ill adults. In adults with heart failure, worse
disease severity was noted in patients with elevated
plasma factor B levels,”’ and decreased plasma factor H,
which is the primary negative regulator of the alter-
native pathway.”’ In adults with acute respiratory
distress syndrome, patients who died had lower plasma
factor H and higher plasma factor B activation
compared with survivors.”” In conjunction with these
other studies, our findings suggest that an excessively
activated alternative complement pathway is associated
with organ failures.

In addition to this growing clinical evidence of the
role of the alternative pathway of complement in AKI
pathogenesis, there is robust preclinical evidence. In 2
mouse models of sepsis and ischemia-reperfusion
injury, complement factor B (-/-) mice (which cannot
activate the alternative pathway) demonstrated
improved survival, attenuated kidney tissue damage,
and lower AKI biomarkers levels (NGAL and
KIM-1).>*** Further, complement factor B (-/-) mice had
improved cardiac function.”®> In addition, mice after
sepsis or ischemia-reperfusion injury had improved
survival and attenuated AKI after treatment with a
#72° In rat models of glomer-
ular disease, a factor B inhibitor prevented tubular
degeneration.”’ The results of our study in addition to
the previous clinical and preclinical evidence provide
increasing motivation for future clinical trials evalu-
ating complement-targeted therapeutics in critically ill
patients.

Despite the evidence of complement factor B
involvement in the pathogenesis of AKI and other or-
gan failures, we were unable to distinguish between
systemic and localized tubulointerstitial activation as
the cause of these organ failures. Based on previous
kidney biopsy tissues and animal models, we hypoth-
esize that localized tubulointerstitial complement acti-
vation is the driving factor of AKI development and
reflected in urine Ba measurements. In patients with
acute tubular necrosis and chronic kidney disease, bi-
opsy tissues show that localized tubulointerstitial
activation is involved in the interstitial damage.*
Kidney biopsies from patients with chronic kidney
disease showed high expression of factor B and factor
C3 in tubulointerstitium compared with healthy con-
trols.”” In animal models of acute tubular necrosis,*
the alternative pathway was necessary for comple-
ment tubular deposition and similar deposition was
seen in biopsy tissue from patients with acute tubular
necrosis. However, we were unable to determine if

direct factor B inhibitor.
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systemic activation is contributing to elevated urine Ba
values because of the absence of plasma biospecimens
that would allow for measurement of systemic com-
plement activation. Future studies of complement
activation should evaluate both systemic and localized
tubulointerstitial activation simultaneously.

Our study has some limitations. First, it was
designed post hoc and performed on urine samples that
were collected 15 years ago. However, the samples had
been frozen and stored appropriately and the pattern of
elevation was similar to urine Ba elevation in prior pilot
studies " as well as other studies in differing dis-
eases such as focal segmental glomerulosclerosis'' and
transplant-associated thrombotic microangiopathy.*
The pattern of elevation also corresponded with
elevation of previously measured biomarkers,
including urine NGAL and KIM-1.'° Owing to the age
of the specimens, we did not correct for proteinuria
because previous studies showed variable decline in
levels of albumin and microproteins with long-term
storage.”'””> We were only able to include 14 days of
organ failure information based on the available data-
base and were unable to evaluate major adverse kidney
events at either 30 or 90 days because of the absence of
data. Finally, because most patients had AKI upon
admission to the ICU, we were unable to use urine Ba to
predict AKI at admission.

Our study also has multiple strengths. This is the first
study to compare urine Ba and AKI severity and
persistence in critically ill adults. In addition, this is the
first study to evaluate urine Ba and organ failures in
critically ill adults, which should be validated in addi-
tional studies. Our findings are consistent with both
preclinical studies and smaller studies of critically ill
children and further strengthen the association between
urine Ba and AKI severity in critically ill patients.

In summary, we found that urine Ba increases as AKI
severity and other organ failure outcomes worsen.
Further, urine Ba can distinguish between persistent
AKI and AKI that recovers. Thus, urine Ba shows po-
tential for prognostic enrichment in future clinical
trials evaluating AKI treatments. Severe urine Ba
elevation may identify which critically ill patient may
benefit from factor B inhibition, which is currently
being evaluated in clinical trials for other diseases.
Overall, our study calls for further investigation into
complement-mediated AKI and identification of cutoff
values that may aid in planning for future clinical trials
of factor B inhibition.

DISCLOSURE

All the authors declared no competing interests.

430

EK Stenson et al.: Urine Ba AKI

ACKNOWLEDGMENTS

Dr. Stenson received funding from the National Institute
of Child Health and Human Development (NICHD; K12
HD 047349) and the Doris Duke Charitable Foundation
(202014). Dr. Thurman received funding from the Na-
tional Institute of Diabetes and Digestive and
Kidney Diseases (NIDDK R01DK076690). Dr. Thurman
and Dr. Kendrick received funding from the National
Institue of Diabetes and Digestive and Kidney Diseases
(NIDDK R01DK130255).

SUPPLEMENTARY MATERIAL

Supplementary File (PDF)

Table S1. Average urine Ba/urine creatinine values based
on AKI staging.

Table S2. Average urine Ba/urine creatinine values based
on AKI persistence or recovery.

REFERENCES

1. Pickkers P, Darmon M, Hoste E, et al. Acute kidney injury in
the critically ill: an updated review on pathophysiology and
management. Intensive Care Med. 2021;47:835-850. https:/
doi.org/10.1007/s00134-021-06454-7

2. Waikar SS, Betensky RA, Emerson SC, Bonventre JV.
Imperfect gold standards for kidney injury biomarker evalu-
ation. J Am Soc Nephrol. 2012;23:13-21. https://doi.org/10.
1681/asn.2010111124

3. Laskowski J, Thiessen Philbrook H, Parikh CR, Thurman JM.
Urine complement activation fragments are increased in
patients with kidney injury after cardiac surgery. Am J
Physiol Ren Physiol. 2019;317:F650-F657. https://doi.org/10.
1152/ajprenal.00130.2019

4. Stenson E, Edelstein CL, You Z, et al. Urine Complement
Factor Ba is associated with acute kidney injury in critically ill
children. Kidney. 2023;4:326-332. https:/doi.org/10.34067/
KID.0000000000000077

5. Stenson E, You Z, Reeder R, et al. Complement activation
fragments are increased in pediatric sepsis-associated acute
kidney injury. Crit Care Med. 2022;50:671. https://doi.org/10.
1097/01.ccm.0000811684.95469.1f

6. Stenson EK, Kendrick J, Dixon B, Thurman JM. The com-
plement system in pediatric acute kidney injury. Pediatr
Nephrol. 2022;38:1411-1425. https://doi.org/10.1007/s00467-
022-05755-3

7. Stenson EK, You Z, Edelstein CL, et al. Urine Complement
Factor Ba is an early biomarker for acute kidney injury after
pediatric cardiac surgery [Abstract]. International Symposium
on AKl in Children. 2022.

8. Stenson EK, You Z, Reeder R, et al. Complement activation
fragments are increased in critically ill pediatric patients with
severe acute kidney injury. Kidney. 2021;2:1884-1891. https://
doi.org/10.34067/KID.0004542021

9. McCullough JW, Renner B, Thurman JM. The role of the
complement system in acute kidney injury. Semin Nephrol.
2013;33:543-556. https://doi.org/10.1016/j.semnephrol.2013.
08.005

Kidney International Reports (2025) 10, 424-431


https://doi.org/10.1016/j.ekir.2024.11.030
https://doi.org/10.1007/s00134-021-06454-7
https://doi.org/10.1007/s00134-021-06454-7
https://doi.org/10.1681/asn.2010111124
https://doi.org/10.1681/asn.2010111124
https://doi.org/10.1152/ajprenal.00130.2019
https://doi.org/10.1152/ajprenal.00130.2019
https://doi.org/10.34067/KID.0000000000000077
https://doi.org/10.34067/KID.0000000000000077
https://doi.org/10.1097/01.ccm.0000811684.95469.1f
https://doi.org/10.1097/01.ccm.0000811684.95469.1f
https://doi.org/10.1007/s00467-022-05755-3
https://doi.org/10.1007/s00467-022-05755-3
http://refhub.elsevier.com/S2468-0249(24)02052-7/sref7
http://refhub.elsevier.com/S2468-0249(24)02052-7/sref7
http://refhub.elsevier.com/S2468-0249(24)02052-7/sref7
http://refhub.elsevier.com/S2468-0249(24)02052-7/sref7
https://doi.org/10.34067/KID.0004542021
https://doi.org/10.34067/KID.0004542021
https://doi.org/10.1016/j.semnephrol.2013.08.005
https://doi.org/10.1016/j.semnephrol.2013.08.005

EK Stenson et al.: Urine Ba AKI

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Jalal D, Renner B, Laskowski J, et al. Endothelial microparti-
cles and systemic complement activation in patients with
chronic kidney disease. J Am Heart Assoc. 2018;7:e¢007818.
https://doi.org/10.1161/JAHA.117.007818

Thurman JM, Wong M, Renner B, et al. Complement activa-
tion in patients with focal segmental glomerulosclerosis.
PLoS One. 2015;10:e0136558. https://doi.org/10.1371/journal.
pone.0136558

De Vriese AS, Sethi S, Van Praet J, Nath KA, Fervenza FC.
Kidney disease caused by dysregulation of the complement
alternative pathway: an etiologic approach. J Am Soc Nephrol.
2015;26:2917-2929. https://doi.org/10.1681/asn.2015020184

Koopman JJE, van Essen MF, Rennke HG, de Vries APJ,
van Kooten C. Deposition of the membrane attack
complex in healthy and diseased human kidneys. Front
Immunol. 2020;11:599974. https://doi.org/10.3389/fimmu.
2020.599974

Endre ZH, Walker RJ, Pickering JW, et al. Early intervention
with erythropoietin does not affect the outcome of acute
kidney injury (the EARLYAREF trial). Kidney Int. 2010;77:1020-
1030. https://doi.org/10.1038/ki.2010.25

Endre ZH, Pickering JW, Walker RJ, et al. Improved perfor-
mance of urinary biomarkers of acute kidney injury in the
critically ill by stratification for injury duration and baseline
renal function. Kidney Int. 2011;79:1119-1130. https://doi.org/
10.1038/ki.2010.555

Nejat M, Pickering JW, Devarajan P, et al. Some biomarkers
of acute kidney injury are increased in pre-renal acute
injury. Kidney Int. 2012;81:1254-1262. https://doi.org/10.
1038/ki.2012.23

Mehta RL, Kellum JA, Shah SV, et al. Acute Kidney Injury
Network: report of an initiative to improve outcomes in acute
kidney injury. Crit Care. 2007;11:R31. https://doi.org/10.1186/
cc5713

Pickering JW, Endre ZH. Back-calculating baseline creatinine
with MDRD misclassifies acute kidney injury in the intensive
care unit. Clin J Am Soc Nephrol. 2010;5:1165-1173. https://
doi.org/10.2215/cjn.08531109

Khwaja A. KDIGO clinical practice guidelines for acute kidney
injury. Nephron Clin Pract. 2012;120:c179-c184. https:/doi.
0rg/10.1159/000339789

Holt MF, Michelsen AE, Shahini N, et al. The alternative
complement pathway is activated without a corresponding
terminal pathway activation in patients with heart failure.
Front Immunol. 2021;12:800978. https://doi.org/10.3389/
fimmu.2021.800978

Shahini N, Michelsen AE, Nilsson PH, et al. The alternative
complement pathway is dysregulated in patients with chronic
heart failure. Sci Rep. 2017;7:42532. https://doi.org/10.1038/
srep42532

Kidney International Reports (2025) 10, 424-431

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

CLINICAL RESEARCH

Bain W, Tabary M, Moore SR, et al. Factor H preserves
alternative complement function during ARDS, linked to
improved survival. ERJ Open Res. 2023;9:00702-2022. https://
doi.org/10.1183/23120541.00702-2022

Zou L, Feng Y, Li Y, et al. Complement factor B is the down-
stream effector of TLRs and plays an important role in a
mouse model of severe sepsis. J Immunol. 2013;191:5625-
5635. https://doi.org/10.4049/jimmunol.1301903

Thurman JM, Ljubanovic D, Edelstein CL, Gilkeson GS,
Holers VM. Lack of a functional alternative complement
pathway ameliorates ischemic acute renal failure in mice.
J Immunol. 2003;170:1517-1523. https://doi.org/10.4049/jim-
munol.170.3.1517

LiD, Zou L, Feng Y, et al. Complement factor B production in
renal tubular cells and its role in sodium transporter
expression during polymicrobial sepsis. Crit Care Med.
2016;44:€289-e299. https://doi.org/10.1097/ccm.000000000
0001566

Thurman JM, Royer PA, Ljubanovic D, et al. Treatment with
an inhibitory monoclonal antibody to mouse factor B protects
mice from induction of apoptosis and renal ischemia/reper-
fusion injury. J Am Soc Nephrol. 2006;17:707-715. https://doi.
org/10.1681/asn.2005070698

Schubart A, Anderson K, Mainolfi N, et al. Small-molecule
factor B inhibitor for the treatment of complement-mediated
diseases. Proc Natl Acad Sci U S A. 2019;116:7926-7931.
https://doi.org/10.1073/pnas.1820892116

Thurman JM, Lucia MS, Ljubanovic D, Holers VM. Acute
tubular necrosis is characterized by activation of the alter-
native pathway of complement. Kidney Int. 2005,;67:524-530.
https://doi.org/10.1111/j.1523-1755.2005.67109.x

Welch TR, Beischel LS, Frenzke M, Witte D. Regulated
expression of complement factor B in the human kidney.
Kidney Int. 1996;50:521-525. https://doi.org/10.1038/ki.1996.344

Okamura H, Nakamae H, Shindo T, et al. Early elevation of
complement factor Ba is a predictive biomarker for
transplant-associated thrombotic microangiopathy. Front
Immunol.  2021;12:695037. https://doi.org/10.3389/fimmu.
2021.695037

Schultz CJ, Dalton RN, Turner C, Neil HA, Dunger DB.
Freezing method affects the concentration and variability of
urine proteins and the interpretation of data on micro-
albuminuria. The Oxford Regional Prospective Study Group.
Diabet Med. 2000;17:7-14. https://doi.org/10.1046/j.1464-5491.
2000.00200.x

Manley SE, Burton ME, Fisher KE, Cull CA, Turner RC. De-
creases in albumin/creatinine and N-acetylglucosaminidase/
creatinine ratios in urine samples stored at —20 degrees C.
Clin Chem. 1992;38:2294-2299. https://doi.org/10.1093/clin-
chem/38.11.2294

431



https://doi.org/10.1161/JAHA.117.007818
https://doi.org/10.1371/journal.pone.0136558
https://doi.org/10.1371/journal.pone.0136558
https://doi.org/10.1681/asn.2015020184
https://doi.org/10.3389/fimmu.2020.599974
https://doi.org/10.3389/fimmu.2020.599974
https://doi.org/10.1038/ki.2010.25
https://doi.org/10.1038/ki.2010.555
https://doi.org/10.1038/ki.2010.555
https://doi.org/10.1038/ki.2012.23
https://doi.org/10.1038/ki.2012.23
https://doi.org/10.1186/cc5713
https://doi.org/10.1186/cc5713
https://doi.org/10.2215/cjn.08531109
https://doi.org/10.2215/cjn.08531109
https://doi.org/10.1159/000339789
https://doi.org/10.1159/000339789
https://doi.org/10.3389/fimmu.2021.800978
https://doi.org/10.3389/fimmu.2021.800978
https://doi.org/10.1038/srep42532
https://doi.org/10.1038/srep42532
https://doi.org/10.1183/23120541.00702-2022
https://doi.org/10.1183/23120541.00702-2022
https://doi.org/10.4049/jimmunol.1301903
https://doi.org/10.4049/jimmunol.170.3.1517
https://doi.org/10.4049/jimmunol.170.3.1517
https://doi.org/10.1097/ccm.0000000000001566
https://doi.org/10.1097/ccm.0000000000001566
https://doi.org/10.1681/asn.2005070698
https://doi.org/10.1681/asn.2005070698
https://doi.org/10.1073/pnas.1820892116
https://doi.org/10.1111/j.1523-1755.2005.67109.x
https://doi.org/10.1038/ki.1996.344
https://doi.org/10.3389/fimmu.2021.695037
https://doi.org/10.3389/fimmu.2021.695037
https://doi.org/10.1046/j.1464-5491.2000.00200.x
https://doi.org/10.1046/j.1464-5491.2000.00200.x
https://doi.org/10.1093/clinchem/38.11.2294
https://doi.org/10.1093/clinchem/38.11.2294

	Urine Complement Factor Ba Identifies Persistent Acute Kidney Injury and Organ Failures in Critically Ill Adults
	Methods
	Patient Identification
	AKI Classification and Diagnosis
	Outcomes
	Urine Biomarker Analysis
	Statistical Analysis

	Results
	Discussion
	Disclosure
	Acknowledgments
	Supplementary Material
	References


