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Abstract

Background Clinically validated biomarkers for monitoring of patients with complement-mediated thrombotic microangi-
opathy (CM-TMA) including atypical hemolytic uremic syndrome (aHUS) are unavailable. Improved characterization of
biomarkers in patients with aHUS may inform treatment and monitoring for patients with CM-TMA.

Methods This analysis used data collected from 55/56 (98.2 %) adult patients with aHUS enrolled in the global Phase III
study of ravulizumab (NCT02949128). Baseline (pre-treatment) patient serum, plasma and urine biomarker levels were
compared with the maximum observed levels in normal donors and evaluated for associations with pre-treatment plasma
exchange/infusion and dialysis status. Biomarkers were also assessed for associations with key clinical measures at baseline
and with changes at 26 and 52 weeks from treatment initiation via linear regression analyses.

Results Complement-specific urine levels (factor Ba and sC5b-9) were elevated in >85 % of patients and are significantly
associated with pre-treatment kidney dysfunction. Baseline levels of other evaluated biomarkers were elevated in >70 % of
patients with aHUS, except for plasma sC5b-9 and serum sVCAM-1. Lower levels of urine complement markers at baseline
are significantly associated with improvements in total urine protein and estimated glomerular filtration rate at 26 and 52
weeks of treatment. Clinical assessment of complement activation by a receiver operating characteristic analysis of Ba and
sC5b-9 was more sensitive and specific in urine matrix than plasma.

Conclusion This analysis identified a set of biomarkers that may show utility in the prognosis of CM-TMA, including their
potential for measuring and predicting response to anti-C5 therapy. Further studies are required to enhance patient risk
stratification and improve management of these vulnerable patients.

Clinical Trials Registration NCT02949128, ClinicalTrials.gov.

Thrombotic mi iopathy (TMA) is a broad clinical t
There is an unmet need for validated biomarkers for deter- rombotic microangiopathy ( ) is a broad clinical term

.. . . . . encompassing conditions presenting as the triad of thrombo-
mining prognosis and monitoring of patients with CM-TMA. Passing Jons Y gas . .
cytopenia, microangiopathic hemolytic anemia, and micro-

Measurements of complement factor Ba and sC5b-9 vascular thrombosis, typically leading to organ damage/
demonstrate clinical utility in characterizing patients failure [1, 2]. Complement-mediated TMA (CM-TMA) is
with CM-TMA/aHUS. a subset of TMA disorders driven or exacerbated by com-

plement pathway overactivation with or without presence
of complement gene mutations and acquired autoantibodies
[2-6]. Atypical hemolytic uremic syndrome (aHUS), often
considered the prototypical form of CM-TMA, is caused by
dysregulation and overactivation of the alternative pathway
of complement, leading to excessive terminal complement
activation [4,7, 8]. The complement cascade, including the
production of split products, is depicted in Fig. 1.

sTNF-RI and thrombomodulin—soluble biomarkers
shed from the vascular surface following activation/
damage—together with factor Ba, demonstrate potential
clinical prognostic utility.
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Despite increasing understanding of the pathophysiology
of CM-TMA/aHUS, several clinical challenges exist relat-
ing to its differential diagnosis and prognosis. One such
challenge is a lack of sensitive, specific, and clinically vali-
dated biomarkers that can characterize this rare and heter-
ogenous disease population [2, 7, 8]. While there are some
tests and assessments that have been evaluated for clinical
utility in this population [9-12], as described by Fakhouri
et al, important methodologic, procedural, scalability and
interpretability concerns suggest that further improvement
is needed to produce a robust but simple test which does
not require specialist laboratories or equipment [13, 14].
Therefore, continued exploration of novel matrices, sample
collection protocols, and bioanalytical assays are needed to
identify and accurately measure individual and/or combina-
tions of clinically meaningful biomarkers in patients with
CM-TMA/aHUS. Identification of a biomarker ‘signature’ in
patients with CM-TMA may help inform treatment decisions
and therapeutic monitoring of patients with other forms of
TMA [13, 15, 16].

The study from Cofiell et al explored the pharmacody-
namic effect of complement inhibition — via treatment with
the anti-complement C5 monoclonal antibody (mAb) eculi-
zumab — on markers of multiple cellular processes and phys-
iologic pathways seemingly initiated in patients with aHUS,
including complement activation, inflammation, vascular/
endothelial damage, thrombosis, and renal injury [17-21].

Fig. 1 Complement cascade
pathways. C complement pro-
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The study found that levels of a subset of these markers
were elevated in the majority of patients with aHUS (>70 %)
and that, following treatment with eculizumab, the majority
returned to normal or near-normal levels when compared to
normal donor samples [17].

Using data from patients enrolled in a clinical study of
ravulizumab, a long-acting complement C5 inhibitor, the
current analysis was designed to evaluate the clinical utility
of a subset of these biomarkers. The markers assessed in
this study include: soluble vascular cell adhesion molecule
1 (sVCAM-1), released following activation of endothelial
cells; soluble thrombomodulin, released following endothe-
lial damage; soluble tumor necrosis factor receptor I (STNF-
RI), a surrogate marker for the pro-inflammatory cytokine
tumor necrosis factor alpha (TNFa), released during inflam-
mation; D-dimer, a component of the coagulation cascade
released following fibrin clot degradation; complement fac-
tor Ba, a cleavage fragment of factor B in the complement
cascade and a key indicator of alternative pathway activa-
tion; cystatin-C, a soluble marker of renal proximal tubular
injury; and soluble C5b-9 (sC5b-9), the soluble form of the
terminal effector of complement pathway activation, also
known as the membrane attack complex (MAC) [17]. The
panel of biomarkers was assessed in a novel combination
of blood and/or urine, collected and assayed according to
stringent protocols, and the data assessed for clinical correla-
tions to characterize the complement activity signature more
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accurately in patients with CM-TMA and predict clinical
response to C5 blockade.

2 Methods

This was an exploratory analysis based on a prospective bio-
marker collection and testing strategy designed into the clin-
ical protocol of the Phase III study of ravulizamab in adults
with aHUS (NCT02949128). The protocol for this study was
approved by the Institutional Review Board or Independ-
ent Ethics Committee at each participating center, and the
study was conducted in accordance with the Declaration of
Helsinki and the Council for International Organizations of
Medical Sciences International Ethical Guidelines. The pri-
mary and secondary endpoints from the trial have been pub-
lished previously [22, 23]. Complete TMA response was the
primary endpoint, defined as platelet count normalization
(>150 x 10°/L), lactate dehydrogenase (LDH) normaliza-
tion (<246 U/L), and 25 % or better improvement in serum
creatinine (Cr) from baseline. Patients had to meet all TMA
criteria concurrently, and each criterion had to be met at two
separate assessments obtained at least 28 days apart, and at
any measurement in between. In the 26-week initial evalu-
ation period, 30 of 56 (53.6 %) patients achieved complete
TMA response. The individual components were achieved
by 83.9 %, 76.8 %, and 58.9 % of patients, respectively, and
improvement in eGFR by one or more stage was achieved
in 68.1 % of patients [22]. Four additional patients achieved
complete TMA response in the 52-week extension period
(n/N = 34/56; 61 %) [23].

The current exploratory endpoint analysis assessed the
potential prognostic utility of blood and urinary biomarkers
of complement activation, vascular damage and inflamma-
tion, and renal injury in adults with CM-TMA/aHUS. We
assessed longitudinal changes in biomarker levels from base-
line following ravulizumab treatment for the first 52-week
period of the study (initial 26-week evaluation followed by
a 26-week extension). All biomarker data were generated
in labs adhering to Good Laboratory Practices (GLP) with
biomarker assays developed following industry guidelines
and validated according to the US Food and Drug Admin-
istration (FDA) biomarker guidance [24, 25]. Biomarkers
of interest were collected and/or processed to the following
matrices for testing: serum for sSTNF-RI and sVCAM-1 was
collected using a Becton—Dickinson (BD) SST® vacutainer;
plasma for Ba, sC5b-9, and thrombomodulin was collected
using a BD P100® vacutainer; citrated plasma for D-dimer
was collected using a BD vacutainer container 3.2 % sodium
citrate solution; and spot urine collections for Ba, sC5b-9,
and cystatin-C were collected in a proprietary concentrated
cryo-preservative containing protease inhibitor. Urine spot
collections were performed under exploratory conditions of

random time of day and void volume. To control for these
variations in urine collection, urinary biomarkers were nor-
malized against urine creatinine (Cr) concentration. All
normal donor serum, plasma, and urine were prospectively
collected and stored according to the study protocol. Normal
donors were defined as an adult (>18 years) human, per-
sonal information de-identified, and self-reported as healthy
per an institutional IRB-approved protocol. All matrices/
samples collected were for research use only. All bioana-
lytical methods were either commercially available or cus-
tom solid-phase ligand-binding immunoassays optimized to
minimize pre-analytical variability. The long-term storage
stability of quality control samples yielded acceptable limits
that exceeded the time between collection and testing for all
aHUS study samples. A full list of biomarker analysis assays
used to test samples collected in this study can be found in
the supplementary materials.

2.1 Statistical Analysis

Baseline serum, plasma, and urine biomarker levels in
patients with aHUS — assessed prior to treatment initiation
— were compared with biomarker levels obtained from nor-
mal donor samples; normal serum and plasma samples were
obtained from Alexion in-house donors, BiolVT (Westbury,
NY, USA) and Sanguine Biosciences (Waltham, MA, USA);
and normal urine samples were obtained from Alexion in-
house donors. Statistical analysis was performed using SAS
V9.4 (SAS Institute Inc., Cary, NC, USA).

Differences between baseline biomarker levels in adults
with aHUS and normal donors were assessed via use of the
Wilcoxon rank sum test for differences between groups.
The distribution of each biomarker was explored and a log,
transformation was used to achieve normality prior to inclu-
sion in statistical models. Samples with biomarker levels
below the limit of assay quantitation were assigned a value
equal to one-half times the lower limit of quantitation for
that assay. For urine biomarkers normalized to Cr, at least
one quantifiable result was required for the normalized result
to be included in the analysis. Longitudinal biomarker lev-
els and changes in levels from baseline following treatment
with ravulizumab, were evaluated using a mixed model for
repeated measures (MMRM) analysis, with log-transformed
biomarker level as the dependent variable, and fixed cat-
egorical effect of visit and fixed continuous effect of log-
transformed baseline level as a covariate.

Baseline biomarkers were assessed in the context of
plasma exchange (PE)/plasma infusion (PI) and dialysis
status at baseline. Baseline biomarkers were also evalu-
ated for associations with key clinical measures of TMA—
platelet count, LDH concentration, estimated glomerular
filtration rate (eGFR), and urine protein/creatinine ratio
(UPCR)—via Spearman correlation coefficients between
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baseline biomarker levels and baseline clinical measures,
and between baseline biomarker levels and change in clini-
cal measures at 26 and 52 weeks from treatment initiation.
Simple linear regression analyses were also performed, with
both the log-transformed baseline clinical measure as the
dependent variable and the log-transformed baseline bio-
marker level as the independent variable, as well as with the
26- and 52-week changes from baseline in clinical variable
as the dependent variable and the log-transformed baseline
biomarker level as the independent variable. For associa-
tions with baseline clinical measures, every 2-fold increase
in baseline biomarker results in an increase (or decrease)
in the lab value by a factor of two raised to the regression
coefficient. When assessing associations with the change in
clinical measures at 26 and 52 weeks, every 2-fold increase
in baseline biomarker results in the change in lab value
increasing (or decreasing) by the regression coefficient.
A two-sided ¢ test was used to test for significance of the
regression coefficient.

Results were stratified by complete TMA response status
(defined as: normalization of platelet count, normalization
of LDH, and >25 % improvement in serum Cr from base-
line, met concurrently at two separate assessments, at least
4 weeks apart) at 26 and 52 weeks.

Logistic regression analysis was performed to assess
any relationship between identified biomarkers at baseline
and complete TMA response. Patients were included in this
analysis set if the endpoint of complete TMA response was
confirmed by assessment at 26 and 52 weeks. For the logistic
regression analysis, clinical response was set as the depend-
ent variable with the log of the baseline biomarker level as
the independent variable. Odds ratios (ORs) and 95 % con-
fidence intervals (CI) were reported, with ORs representing
the increased (or decreased) odds of achieving the efficacy
response for every 2-fold increase in baseline biomarker; sta-
tistical significance of the predictor was assessed via Wald
testing.

Baseline levels of Ba and sC5b-9, in urine and plasma,
from aHUS patients and normal donors, were input into
CombiROC (an online tool to help researchers identify
the optimal combination of markers and threshold setting
through a simple analytical method) to generate receiver
operating characteristic (ROC) curves for analysis of sensi-
tivity and specificity [26, 27].

3 Results
3.1 Baseline Demographics

A total of 56 adults with aHUS were enrolled in this clinical
trial, 55 of whom were included in the current biomarker
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analyses; patient demographics and disease characteristics
are outlined in Table 1. The median age at the time of first
infusion was 40.1 years, and the majority were female (66
%) and White (52 %).

3.2 Baseline Biomarker Level Comparison Between
Patients with aHUS and Normal Donors

A comparison of baseline biomarker levels in adult patients
with aHUS and normal donors is presented in Table 2. In

Table 1 Baseline demographics and disease characteristics

Variable n (%), unless
stated, at base-
line

(N =56)*

Median age at the time of first infusion, y (range)
Age group (y)

40.1 (19.5-76.6)

>18 to <30 11 (19.6)
>30 to <40 17 (30.4)
>40 to <50 15 (26.8)
>50 to <60 5(@8.9)
>60 8 (14.3)
Sex, female 37 (66.1)
Race
Asian 15 (26.8)
White 29 (51.8)
Undisclosed 8 (14.3)
Other 4(7.1)

Baseline laboratory values, median (range)®
Platelets, X10%/L
LDH, U/L
Serum Cr, pmol/L¢
eGFR, mL/min/1.73 m?
Hemoglobin, g/L

95.3 (18-473)
508 (230-3249)
284 (51-1027)
10 (4-80)

85 (60.5-140)
Patients with >1 identified pathogenic variant or

autoantibody®*
C3 1(2.6)
CD46 2(5.1)
CFB 1(2.6)
CFH 2(5.1)
CFH autoantibody 2(5.1)

CF complement factor, Cr creatinine, eGFR estimated glomerular fil-
tration rate, LDH lactate dehydrogenase, y year

#Full analysis set, of which N = 55 formed the biomarkers analysis
set; ®Baseline values may be after plasma exchange/infusion in some
patients; “Safety set, N = 58; Defined as normalization of both LDH
and platelet count; “Number of patients tested, n = 39; One addi-
tional patient had a CFH autoantibody; however, this patient was not
tested for genetics. In total, 3 of 52 patients tested for CFH autoanti-
bodies were positive

Table reproduced from Rondeau E, et al. Kidney Int 2020;97:1287—
96, under the terms of the Creative Commons CC-BY-NC-ND license
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Table 2 Comparison of baseline biomarker levels in adults with aHUS and normal donors

Biomarker Biomarker levels at baseline p-value® Patients with elevated baseline
n,* median (min, max) biomarkers compared with observed
Adul th aHUS® N ld 5 maximum for normal donors
ults with a ormal donors WN (%)
Urine cystatin-C/Cr (ng/mg Cr) 36 10 <0.0001 35/36 (97)
9052.1 (99.9, 38,649.5) 32.8 (18.7,329.3)
Urine Ba/Cr (ng/mg Cr) 35 23 <0.0001 34/35 (97)
8358.0 (22.0, 58,478.0) 3.9 (1.0, 108.0)
Serum sTNF-RI (pg/mL) 54 20 <0.0001 52/54 (96)
7407.9 (1330.6, 24,781.6)  867.2 (663.4, 1595.1)
Plasma Ba (ng/mL) 43 59 <0.0001 41/43 (95)
6288.1 (1280.4, 29,886.6)  951.8 (586.6, 1784.5)
Urine sC5b-9/Cr (ng/mg Cr) 42 22 <0.0001 36/42 (86)
256.0 (4.1, 1,629,629.6) 3.8(0.9, 13.9)
Plasma thrombomodulin (ng/mL) 44 20 <0.0001 35/44 (80)
11.3(3.8,27.2) 44 (3.2,5.8)
Plasma D-dimer (ng/mL) 49 19 <0.0001 35/49 (71)
4076.6 (474.0, 47,862.1) 462.9 (91.2, 2064.8)
Plasma sC5b-9 (ng/mL) 43 39 <0.0001 9/43 (21)
937.7 (325.0, 10,007.0) 406.6 (216.0, 1505.0)
Serum sVCAM-1 (ng/mL) 54 20 <0.0001 5/54 (9)

1506.0 (763.5, 5522.2)

559.6 (279.8, 3965.7)

aHUS atypical hemolytic uremic syndrome, Cr creatinine

n details the number of patients/donors with evaluable data; A nominal total of 55 adults with aHUS, 25 normal urine, 20 normal serum and
60 individual normal plasma donors were assessed in this study; “p-values were calculated by Wilcoxon rank sum testing for differences between

groups, bolded values are statistically significant

urine, creatinine-normalized levels of the proximal tubular
injury marker cystatin-C, complement alternative pathway-
specific marker factor Ba, and terminal pathway-specific
marker sC5b-9 were elevated in >85 % of patients com-
pared with levels in normal donors. In plasma, endothelial
cell damage marker thrombomodulin, coagulation marker
D-dimer and factor Ba levels were elevated in >70 % of
patients but sC5b-9 levels were elevated in only 21 % of
patients compared with levels in normal donors. In serum,
inflammation marker sSTNF-RI levels were elevated in 96 %
of patients but endothelial cell activation marker sVCAM-1
levels were elevated in only 9 % of patients compared with
normal donors. In summary, most biomarkers were elevated
in most patients with aHUS, with the exception of plasma
sC5b-9 and serum sVCAM-1.

3.3 Longitudinal Changes in Biomarkers
from Baseline Following Treatment
with Ravulizumab

In ravulizumab-treated adults with aHUS, a pharmacody-
namic effect was observed for both blood and urine biomark-
ers (Fig. 2), including significant reductions in normalized
urine sC5b-9/Cr, Ba/Cr and cystatin-C/Cr levels compared

with baseline at all collection timepoints (Fig. 2B). Serum
sTNF-RI and plasma D-dimer levels also decreased signifi-
cantly from baseline levels until day 127 (Fig. 2A).

3.4 Baseline Biomarker Associations
with Pre-Treatment Plasma Exchange/Plasma
Infusion (PE/PI) and Dialysis

When baseline biomarkers were assessed for any associa-
tions with pre-treatment PE/PI status, patients who received
PE/PI within 7 days of the first infusion of ravulizumab had
significantly lower plasma sC5b-9 levels compared with
patients who did not (Supplementary Table 1). Patients who
received dialysis within 5 days of treatment initiation had
significantly higher plasma Ba, serum sTNF-RI, and urine
Ba/Cr than patients who did not (Supplementary Table 2).
No other baseline biomarker levels were associated with PE/
PI status (Supplementary Tables 1 and 2).

3.5 Baseline Biomarker Associations with Baseline
Clinical Measures

Increased plasma Ba, plasma thrombomodulin, and serum
sTNF-RI were all significantly associated with lower
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«Fig.2 Violin plots of biomarker observed levels over time to 52
weeks. A Biomarkers in blood. B Biomarkers in urine. Ravulizumab
dose was determined by bodyweight and given at a loading dose at
baseline, dose 2 at Day 15, maintenance dose at Day 71 and once
every 8 weeks thereafter. Horizontal lines represent the 25 %, median
and 75 % quartiles. P-values are calculated from a mixed model for
repeated measures analysis with biomarker as dependent variable,
and fixed categorical effect of visit and fixed continuous effect of
baseline value as covariate. The null hypothesis that the mean change
from baseline equals zero was tested against the alternative hypoth-
esis that the mean change does not equal zero

baseline eGFR and higher baseline UPCR values (Table 3).
Urine cystatin-C/Cr, sC5b-9/Cr, and Ba/Cr were also asso-
ciated with lower baseline eGFR and higher UPCR values.
No significant associations between any biomarker levels at
baseline and baseline platelet count were identified.

3.6 Baseline Biomarker Associations with Changes
in Clinical Measures

Analysis of the change in clinical measures at 26 and 52
weeks using simple regression against baseline biomarker
levels found no significant associations between baseline
biomarker levels and change in platelet count at either time-
point (Supplementary Table 3). Baseline urine sC5b-9/Cr
levels were significantly associated with change in LDH at
26 weeks, but not at 52 weeks (Supplementary Table 4).
Increased plasma Ba, thrombomodulin and sC5b-9, serum
STNF-RI and sVCAM-1, and urine cystatin-C/Cr and Ba/
Cr were significantly inversely associated with the change
from baseline in eGFR at both 26 and 52 weeks (Table 4 and
Fig. 3). Baseline urine sC5b-9/Cr was significantly associ-
ated with change in UPCR at 52 weeks (n = 32, regression
coefficient estimate 14.63, p = 0.0324, correlation coeffi-
cient 0.0528; data not shown).

Furthermore, the time and magnitude of the change
for each biomarker in comparison to the change in clini-
cal measure varied between complete responders and
non-responders. For example, in complete responders,
urine sC5b-9/Cr levels decreased dramatically relative to
baseline by Day 71 and overall remained low despite the
sharp elevated peak at Day 127 (due to a single sample,
as observed in Fig. 3B); whereas in non-responders, urine
sC5b-9/Cr remained unchanged through the course of treat-
ment (Fig. 3B).

Taken together, baseline biomarker levels and changes
in clinical measures showed few associations, except those
associated with change in eGFR, and urine sC5b-9/Cr at
26 weeks with LDH and 52 weeks with UPCR. The extent

of these changes varied between complete responders and
non-responders.

3.7 Baseline Biomarker Associations with Complete
TMA Response

Barbour et al 2021 evaluated the long-term efficacy and
safety of ravulizumab during the extension period of the
currently assessed ravulizumab study (median follow-up
duration 76.7 [0.6—118.3] weeks) and observed a complete
TMA response in >60 % of patients [23].

When assessed by logistic regression analysis, increased
plasma thrombomodulin, serum sVCAM-1, serum sTNF-RI,
and plasma Ba levels prior to treatment were found to be
significantly associated with a lower likelihood of achieving
complete TMA response at 52 weeks (Fig. 4).

3.8 Clinical Sensitivity and Specificity
of Complement Baseline Biomarker Levels

Individual analysis of plasma Ba, plasma sC5b-9, urine
Ba/Cr and urine sC5b-9/Cr showed some overlap between
normal control range and baseline patient values (Fig. 5A).
Use of the combined CombiROC analysis for both Ba plus
sC5b-9 values resulted in the highest clinical specificity and
sensitivity in both urine and plasma matrices (Fig. 5B, C
and D).

By standard, individual ROC analysis, the area under the
curve was considerably larger in urine than in plasma for
sC5b-9 (0.72 vs 0.52) whereas for Ba it was larger in plasma
(0.67 vs 0.80) (Fig. 5 and S1A). More false-positive (FP) and
false-negative (FN) results occurred in plasma sC5b-9 than
urine sC5b-9/Cr (32 FP, 19 EN vs 0 FP, 5 FN); however, the
distributions for Ba levels in urine and plasma were very
similar, with few false results (Fig. S1B).

4 Discussion

Urine Ba and sC5b-9 show potential for use as biomarkers of
CM-TMA. Their nearly ubiquitous elevation in adults with
aHUS compared with the maximum observed levels in nor-
mal donors means they have high specificity for CM-TMA
disorders. Notably, urine sC5b-9 was completely undetect-
able in normal samples. Their prognostic reliability in urine,
particularly in combination, was further evidenced by the
CombiROC curves shown in Figure 5. However, these two
biomarkers alone may not be sufficient; other clinical or
biomarker measurements may be needed to develop a full
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Table 4 Comparison of baseline biomarkers with change in eGFR at 26 and 52 weeks
Biomarker Change in eGFR (mL/min/1.73 m?) at 26 weeks Change in eGFR (mL/min/1.73 m?) at 52 weeks

n Regression coef-  p-value Correlation  n Regression coef-  p-value Correlation

ficient estimate coefficient ficient estimate coefficient

Plasma Ba (ng/mL) 41 —18.36 0.0006 —0.7447 38 -20.38 <0.0001  -0.7381
Plasma thrombomodulin (ng/mL) 41 -21.78 0.0163 —0.6654 38 -30.15 <0.0001 —0.8356
Plasma D-dimer (ng/mL) 41 3.55 0.5508 —0.0846 38 —-11.99 0.1516 —0.4229
Plasma sC5b-9 (ng/mL) 46 -13.29 <0.0001  -0.4875 43 —15.05 0.0001 —0.5023
Serum sTNF-RI (pg/mL) 44 —23.96 <0.0001  -0.7938 43 -22.50 <0.0001 -0.8260
Serum sVCAM-1 (ng/mL) 45 -26.37 0.0037 —0.5847 43 —24.93 0.0042 —0.6880
Urine cystatin-C/Cr (ng/mg Cr) 36 —-8.85 0.0059 —0.4938 34 -8.54 0.0003 —0.6691
Urine sC5b-9/Cr (ng/mg Cr) 38 -1.51 0.7046 0.1018 39 025 0.9437 0.1678
Urine Ba/Cr (ng/mg Cr) 33 -8.31 <0.0001  -0.8692 35 -5.45 0.0008 —0.7028

Bold font p-values are statistically significant

Cr creatinine, eGFR estimated glomerular filtration rate

understanding of individual patient profiles across all CM-
TMA subsets.

Matrix was also relevant to other sC5b-9 associations.
Baseline levels of urine sC5b-9 were found to be elevated
over normal donor levels to a much greater extent than
plasma sC5b-9 levels. Additionally, baseline urine but not
plasma sC5b-9 was significantly associated with change in
UPCR at 52 weeks, and urine but not plasma sC5b-9 levels
decreased significantly over the entire 52 weeks of treat-
ment. These observations, along with individual marker
ROC analyses (Fig. S1) of sC5b-9 in urine versus plasma,
point to urine being the more clinically meaningful matrix.
Understanding the differential utility of biomarkers in dif-
ferent matrices is particularly important, as identification of
optimized, non-invasive assessments of complement activ-
ity, which do not rely on complex, ex vivo assays, and analy-
ses remains a key goal in this patient population.

Further differences, including matrix-dependent differ-
ences, were also observed between markers. For example,
factor Ba and sC5b-9 in plasma were found to be signifi-
cantly associated with PE/PI or dialysis status prior to treat-
ment with ravulizumab, while baseline plasma but not urine
sC5b-9 was associated with patients on PE/PI within 7 days
of treatment initiation but not with dialysis treatment. In
contrast, baseline plasma and urine Ba were significantly
associated with dialysis status within the 5 days prior to
treatment initiation but not with the use of PE/PI (Sup-
plementary Table 1). Although plasma sC5b-9 has previ-
ously been proposed as a potential biomarker of interest for
CM-TMA, and indeed appears to show substantial utility
in conditions such as hematopoietic stem cell transplant-
associated TMA, this analysis found it less informative [28].
Other studies have also reported conflicting results around

its utility. For example, Noris et al have previously reported
that plasma sC5b-9 is not suitable as a biomarker of aHUS
based on an analysis of their cohort of patients; while both
Volokhina et al and Cataland et al found that plasma sC5b-9
was elevated in all patients with acute aHUS and advocated
for its use [12, 29-31]. A 2015 study by Bu et al, suggested
that plasma sC5b-9 had a very high positive predictive rate
(89 %) but a comparatively low negative predictive rate (46
%) in their cohort of patients with aHUS, concluding that
plasma sC5b-9 levels are indicative of active disease, but
should not be used in isolation [29]. Bu et al also noted
the large inconsistencies in plasma sC5b-9 assay results
across the studies of Noris, Volkohina and Cataland; and
highlighted potential discrepancies in aHUS diagnostic cri-
teria, specimen collection and storage protocols, and differ-
ent detection kits and methodologies as possible reasons for
the substantially different results and conclusions recorded
by these groups [29]. Given the discordant results and inter-
pretations from the literature, combined with our results
discussed above, plasma sC5b-9 levels are generally less
significantly associated with clinical measures and outcomes
of CM-TMA/aHUS than urinary sC5b-9 [12, 29-31].

The results of these analyses support the use of urinary
sC5b-9 as a potential biomarker of CM-TMA/aHUS. The
results are aligned with the overall conclusions of Bu et al,
suggesting that the utility of sC5b-9 assessments may be
heightened when combined with other markers of TMA dis-
ease or complement dysfunction. Prime candidates from this
study include Ba, sSTNF-RI, sVCAM-1, and thrombomodulin
as identified in the logistic regression response plot (Fig. 4)
for predicting complete CM-TMA response [29]. Further
analysis may be warranted to determine the pharmacody-
namic effect, if any, of complement C5 inhibitor treatment
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markers. P-value from a linear regression analysis with the 52-week
change from baseline in eGFR as the dependent variable and log(2)
of the baseline biomarker level and log(2) of the 52-week biomarker
level as the independent variables. eGFR estimated glomerular filtra-
tion rate, TMA thrombotic microangiopathy
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on sC5b-9 levels and/or half-life measurements in both
plasma and urine samples.

As discussed, this study was designed to build on the
work conducted by Cofiell et al, who evaluated a panel of
biomarkers and identified a subset which were elevated at
baseline in the majority of patients with aHUS who were
subsequently treated with eculizumab [17]. While the
patients in this study all received ravulizumab, the assessed
biomarkers showed similar, although not identical, patterns
of baseline elevation and response to treatment across both
studies [17]. This is not unexpected, as eculizumab and
ravulizumab have both been shown to be potent terminal
complement inhibitors [32]. However, there are significant
methodologic differences between the ravulizumab and ecu-
lizumab clinical study designs, such as differences in dosing
frequencies and the use of weight-based dosing only in the
ravulizumab trial. These differences, coupled with the inher-
ently heterogenous presentation and progression of aHUS in
these two patient populations, complicate any formal statis-
tical comparisons of biomarker levels at baseline or during
treatment.

Limitations to this study include the relatively small
cohorts of both normal donors and patients with CM-
TMA/aHUS and that not all patients consented to optional
genetic testing, which further limited the power and fea-
sibility of assessing any possible associations between
pathogenic genetic variants and the evaluated biomarkers.
Another challenge is the labile nature of the complement
cascade and potential for ex vivo autoactivation. However,
this is one of the first studies to prospectively design the

Odds Ratio and 95% CI

assessment of a specific panel of blood and urine biomark-
ers in patients with CM-TMA/aHUS, with a particular
focus on their potential clinical utility as prognostic mark-
ers and predictors of treatment response.

5 Conclusion

The results of this analysis highlight a key set of biomark-
ers with potential prognostic utility in the management of
CM-TMA/aHUS, particularly when measured in urine.
These data also demonstrate changes in biomarker levels in
response to anti-complement C5 therapy and their potential
utility for predicting treatment response. While it would be
of significant interest to compare the assessed biomarkers
with the various clinical manifestations of CM-TMA in other
disease settings, this was not within the scope of the current
study. Further assessment and validation of these biomark-
ers in larger patient populations and in patients with other
forms of TMA are needed to guide patient risk stratification
and clinical management decisions; prospective acquisition
and assessment of samples from patients with other forms
of CM-TMA is currently ongoing. This analysis also high-
lights the need for stringent sample collection, storage, and
optimized methodology to reduce pre-analytical variability,
allowing for more accurate measurement of biomarker lev-
els to identify patients with complement activity above the
range of normal donor levels.
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