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Background: Atypical hemolytic uremic syndrome (aHUS), an important cause of acute
kidney injury (AKI), is characterized by dysregulation of the alternative complement
pathway. Autoantibodies to factor H (FH), a chief regulator of this pathway, account for
a distinct subgroup. While high anti-FH titers predict relapse, they do not correlate well
with disease activity and their functional characterization is required.

Methods: Of 781 patients <18-year-old of aHUS in the nationwide database from
2007 to 2018, 436 (55.8%) had anti-FH antibodies. Clinical features and outcome of
patients managed in the last 6-year (n = 317) were compared to before (n = 119). In
plasma samples of 44 patients, levels of serial circulating FH immune complexes (CIC),
free FH, soluble terminal complement complex (sC5b-9), sheep red blood cell (SRBC)
lysis and epitope specificity (n = 8) were examined. Functional renal reserve, ambulatory
hypertension, left ventricular hypertrophy (LVH), and proteinuria were evaluated in
a subset.

Results: Patients presented with markedly elevated anti-FH titers (10,633.2 £ 998.5
AU/ml). Management varied by center, comprising plasma exchange (PEX; 77.5%) and
immunosuppression (73.9%). Patients managed in the last 6-year showed better renal
survival at mean 28.5 4+ 27.3 months (log rank P = 0.022). Mean anti-FH titers stayed
700-1,164 AU/ml during prolonged follow-up, correlating with CIC. Patients with relapse
had lower free-FH during remission [Generalized estimating equations (GEE), P = 0.001];
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anti-FH levels >1,330 AU/ml and free FH <440 mg/I predicted relapse (hazards ratio,
HR 6.3; P = 0.018). Epitope specificity was similar during onset, remission and relapse.
Antibody titer >8,000 AU/ml (HR 2.23; P = 0.024), time to PEX >14 days (HR 2.09;
P = 0.071) and PEX for <14 days (HR 2.60; P = 0.017) predicted adverse renal
outcomes. Combined PEX and immunosuppression improved long-term outcomes (HR
0.37; P = 0.026); maintenance therapy reduced risk of relapses (HR 0.11; P < 0.001).
At 4.442.5 year, median renal reserve was 15.9%; severe ambulatory, masked and
pre-hypertension were found in 38, 30, and 18%, respectively. Proteinuria and LVH
occurred in 58 and 28% patients, respectively.

Conclusion: Prompt recognition and therapy with PEX and immunosuppression, is
associated with satisfactory outcomes. Free-FH predicts early relapses in patients with
high anti-FH titers. A significant proportion of impaired functional reserve, ambulatory
hypertension, proteinuria and LVH highlight the need for vigilant long-term follow-up.

Keywords: atypical hemolytic uremic syndrome, factor H, plasma exchange, renal reserve, thrombotic

microangiopathy

INTRODUCTION

Hemolytic uremic syndrome (HUS) is an important cause of
acute kidney injury (AKI) in children (1, 2). While the majority
of patients follow gastrointestinal infection with Shiga toxin
associated organisms, abnormalities in the complement and
coagulation pathways are associated with atypical hemolytic
uremic syndrome (aHUS) (1, 3). Although 5-25% patients
in European cohorts show antibodies to factor H (FH) (4-
6), this subset of illness is common in India accounting for
~50% cases (7). Recent data from the global aHUS registry,
from centers in Europe, North America and Australia, confirm
the presence of anti-FH antibodies in 24% children and 19%
adults (8).

The pathogenesis of anti-FH associated aHUS and reasons for
its high frequency in south Asia are unclear. While more than
80% patients show a homozygous deletion in the gene encoding
FH related protein 1 (CFHRI), the deletion is present in 5-
10% healthy people across the world. High levels of antibodies
at disease onset or relapse are believed to induce functional
deficiency of FH; their decline in response to plasmapheresis
is associated with disease remission (7, 9, 10). The antibodies
bind chiefly to the C-terminus of FH, inhibiting its cell surface
regulatory functions (11, 12). A dose-response relationship is
not established as many patients show high antibody levels
even during remission, emphasizing the need to evaluate other
markers of complement activation. Studies relating antibody
titers to functional assays of FH inhibition, such as level of sheep
red blood cell (SRBC) lysis, free FH, soluble terminal complement
complex (sC5b-9) and epitope specificity of antibodies are
limited (9, 13, 14).

We report the clinical features and outcomes of a large
nationwide database of patients with anti-FH associated HUS.
We also examined the functional implications of anti-FH
antibodies and biomarkers that might enable prediction of
a relapse.

METHODS

Since March 2007, 781 patients younger than 18-year-old
with aHUS have been enrolled in a prospective multicenter
nationwide database at the All India Institute of Medical
Sciences (AIIMS). Of these, 436 patients with anti-FH antibody
associated aHUS, diagnosed in presence of microangiopathic
hemolytic anemia (hemoglobin <10 g/dl, schistocytes >2%,
lactate dehydrogenase >450 U/l), thrombocytopenia (platelets
<150,000/1), AKI and anti-FH antibody titers >150 AU/ml
(15) were included. Clinical features of patients enrolled
until February 2013 have been reported earlier (7). Patients
with septicemia, disseminated intravascular coagulation, and
thrombotic microangiopathy secondary to medications, lupus,
HIV infection, and following bone marrow transplantation
were excluded. Institute ethics committee approval was
obtained and informed written consent was taken prior
to enrolment.

Investigations

Anti-FH antibodies were screened in plasma samples by
enzyme linked immunosorbent assay (ELISA) (7). Antibody
titer, determined at serial dilutions, was expressed as arbitrary
units (AU)/ml at 1:50 dilution; values >150 AU/ml were
considered abnormal (7). Investigations included urinalysis,
blood levels of complement C3, antinuclear antibody, and
antineutrophil cytoplasmic antibody. Leptospirosis, dengue,
malaria, and rickettsia might rarely mimic clinical and laboratory
features of HUS; we therefore screened for these infections.
Levels of anti-FH antibodies, creatinine and urinalysis were
estimated every 3-6 months. Studies for functional effects of
anti-FH antibodies, including circulating FH immune complexes
(CIC), free FH, sC5b-9, and SRBC lysis, were performed in
44 consecutive patients managed at AIIMS. Epitope specificity
of FH-antibodies was determined during onset, remission, and
relapse, in a subset of eight patients.
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Circulating FH Immune Complexes (CIC)

Briefly, 96-well plates (Nunc-Immuno Micro Well, Sigma-
Aldrich, MO), coated with sheep anti-FH polyclonal antibody
(AbD Serotec, Hercules, CA) diluted 1:10,000 in 0.5 M carbonate
buffer (pH 9.6), were incubated overnight at 4°C (13). After
washing, plates were blocked with 1% non-fat milk (Sigma-
Aldrich) for 2-h at 37°C. Serial dilutions of plasma samples
and controls were incubated for 1-hr, followed by incubation
with goat anti-human IgG conjugated with horse radish
peroxidase (HRP; Sigma-Aldrich) and titers reported at 1:100
dilution. For color development, H,O; substrate and 33,55 -
tetramethylbenzidine were added; optical density was read at
450 nm. Titers of immune complexes, expressed as AU/ml, were
calculated based on reference plasma (courtesy Marie Agnes
Dragon-Durey). Screening of 100 healthy donors was used to
establish the positive threshold of 110 AU/ml, corresponding
to mean + 2 SD; intra- and inter-assay coefficient of variation
was <10%.

Free Factor H

Plasma samples diluted to 1:100 were incubated with Protein G-
coated beads (10:1; Sigma-Aldrich) for 1-h at room temperature,
followed by centrifugation. The supernatant was used for CIC
ELISA to confirm removal of all IgG-bound FH. ELISA plates,
coated with sheep anti-FH polyclonal antibody (AbD Serotec)
and blocked with 1% bovine serum albumin (BSA), were
incubated for 1-h at room temperature with the supernatant
diluted to 1:5000. The plate was washed and monoclonal anti-FH
antibody (AbD Serotec) added, followed by washing and addition
of anti-mouse IgG labeled with HRP with color development as
described above. Purified FH (Calbiochem, Meudon, France) was
used as the calibrator.

Sheep Red Blood Cell (SRBC) Hemolysis

Patient plasma was serially diluted to 1:1, 1:2, and 1:4 with
buffer (20mM Hepes, 7mM MgCl,, 10mM EGTA, 144 mM
NaCl, 1% BSA; pH 7.4). Diluted plasma (10 pl) was incubated
with 10 pl sheep erythrocytes (103 cells/ml) at 37°C for 45 min
[modified from (11)]. Following addition of 280 pl normal
saline, the samples were centrifuged and absorbance read at
414 nm. Complete hemolysis with water was considered as 100%.
Hemolysis was calculated as follows:

(OD of patient sample - OD of blank) x 100

SRBC lysis =
yoIs OD of well labeled 100%

(1)

Mean SRBC lysis in 20 healthy controls was 16.9£2.1%; the
positive threshold was 21%.

Soluble Terminal Complement Complex (sC5b-9)
sC5b-9 was quantitated by ELISA using the MicroVue kit (Quidel
Corp, San Diego, CA). Diluted plasma specimens were added to
96-well plate pre-coated with monoclonal antibody against C9
ring and incubated at room temperature for 1-hr. After addition
of biotinylated antibody specific to sC5b-9, HRP-conjugated
streptavidin and tetramethylbenzidine, optical density was read
at 450 nm. sC5b-9 levels were calculated from a standard curve,
limits of detection being 3.7-170 ng/ml.

Production of FH Fragments

Short consensus repeats (SCR) 1-4, 5-8, 9-12, 13-16, and 17—
20 were PCR amplified with specific primers from the FH
cDNA (OriGene, Rockville, MD) and cloned in pET28 and
PET29 expression vectors (16). The clones were verified by
DNA sequencing (ABI 3730 DNA analyzer; Applied Biosystems),
products were transformed in E. coli BL21 and expressed in
inclusion bodies generated after induction with 1 mM isopropyl-
1-thio-b-D-galactopyranoside and purified using Ni-NTA resin.
The eluted fragments were purified by gel filtration using
Superdex75 columns (GE Healthcare) and their concentration
determined by Bradford assay (Bio-Rad).

Epitope Specificity

Plasma samples were incubated with FH fragments for 1-h and
added to ELISA plates pre-coated with purified FH (Calbiochem)
and blocked with 1% BSA. Bound antibodies were detected by
HRP conjugated goat anti-human IgG with color development,
as above.

Therapy and Outcomes

The management of patients across centers was at the discretion
of treating physicians, depending on their experience and
available facilities. Renal replacement therapy was provided,
when required. Specific management varied across centers and
included plasma exchanges (PEX) and/or immunosuppressive
therapies (9). Hematological remission was defined as platelet
count >100,000/mm?, schistocytes <2% and LDH less than
upper limit of normal on two consecutive days. Disease relapse
was considered when there was a new episode of illness after
the patient had achieved remission for >2 weeks. Outcomes
at 3-months and last follow-up were assessed, in terms of
estimated glomerular filtration rate (eGFR) (17), hypertension
(18), dipstick proteinuria and relapses. Adverse outcome was
defined as eGFR <30 mL/min/1.73 m? on follow-up or
patient death.

Renal and Cardiovascular Outcomes

Long term outcomes were evaluated in 50 consecutive patients
with eGFR more than 60 ml/min/1.73 m? and two or more
years follow-up. Blood pressure was recorded and classified
using standard guidelines (18). First morning urine protein-to-
creatinine ratio >0.15 mg/mg was considered abnormal (19).
On echocardiography, left ventricular mass index (LVMI) was
defined as ratio of left ventricular mass to height*’; LVH was
LVMI >95th centile for age and sex (20). Dyslipidemia was
defined as fasting total cholesterol >170 mg/dl, LDL cholesterol
>110 mg/dl, non-LDL cholesterol >120 mg/d], triglycerides >75
mg/dl or HDL cholesterol <40 mg/dl (21).

Ambulatory Blood Pressure Monitoring (ABPM)

Ambulatory blood pressure was recorded by oscillometry (90207,
Spacelabs Medical, Redmond, WA). Data was reported as
standard deviation scores (SDS) based on height and sex
specific normative data (22). Patients were classified as having
ambulatory hypertension if they showed clinic hypertension
(blood pressure >95th percentile), mean ambulatory systolic

Frontiers in Immunology | www.frontiersin.org

June 2019 | Volume 10 | Article 1282


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Puraswani et al.

Nationwide Database on Anti-FH aHUS

or diastolic blood pressure exceeding 95th percentile for sex
and height, and systolic or diastolic load >25% (severe if load
>50%) (22). Masked hypertension was defined as ambulatory
hypertension with normal clinic blood pressure (22).

Functional Renal Reserve

Functional renal reserve was evaluated following administration
of oral trimethoprim (10 mg/kg/day) for 5 days (23),
discontinuation of ACE-inhibitors, and a vegetarian diet
for 48-h (24). Patients voided completely at 7:00 am on the day of
test; residual urine, estimated by ultrasonography, was required
to be below 10 ml. They were instructed to drink 5 ml/kg water
every 30 min throughout the study period. An accurately timed
urine collection of 2-h duration was obtained and residual urine
rechecked; serum creatinine was estimated at its midpoint. A
protein meal (1 g/kg; RiteBite Max bar containing 20 g casein
and whey protein) was ingested. Following complete voiding,
40 min later, similar 2-h urine collection and measurement of
serum creatinine were done. Renal clearance of creatinine (CrCl)
and functional renal reserve were calculated:

UCrxV 173

CrCl= X ——
sCr x t BSA

(2)

UCr urine creatinine, V urine volume over 2-h, t duration of
collection (minutes), BSA body surface area, m?

(CrCl after protein load - Baseline CrCl)

x 100(3)
Baseline CrCl

Functional renal reserve=

Statistical Analysis

Six-year cohorts of March 2007 to December 2012 and January
2013 to August 2018 were compared in terms of clinical
features and outcomes. Data is presented as proportions,
and median (interquartile range, IQR) or mean =+ SD,
based on distribution and analyzed using Stata version 14.0
(Stata Corp, College Station, TX). Anti-FH antibodies were
expressed as mean & SEM. Tests for significance included
t-test, Wilcoxon signed rank and rank sum tests, and chi-
square test; correlation was measured by Spearman coefficient.
Anti-FH and free FH levels were log transformed to satisfy
normality. Repeated measures analyses by generalized estimating
equations (GEE) approach was used to compare serial anti-
FH and free FH concentrations in sustained remission or
subsequent relapse; receiver operator characteristic (ROC) curves
were used for threshold of relapse. Determinants of adverse
outcome and relapse were estimated as odds and hazards
ratios, by univariate and multivariable analyses. Functional renal
reserve was normalized by Box-Cox transformation. Linear
regression analyses were used to evaluate predictors of renal
reserve, LVMI and proteinuria; two tailed P < 0.050 was
considered significant.

RESULTS

From March 2007 to August 2018, 436 (55.8%) of 781 patients
from 30 centers in the nationwide database were diagnosed as

having anti-FH associated aHUS (Supplementary Figure 1).
Proportion of patients with anti-FH antibodies younger than
4-year, between 4-11 and 11-18 year at presentation were
20.8, 73.8, and 52.0%, respectively; five patients presented
in infancy (Supplementary Figure2). Patients between 4
and 11 year had higher antibody titers (11,127 £ 1,170
AU/ml vs. 8,870 £+ 1,890 AU/ml; P = 0.025). There was
seasonal variation, with peak between December and April
(Supplementary Figure 3).  Prodromal illness  included
fever (54.6%), upper respiratory tract infection (10.3%),
and diarrhea (6.7%). Eight of 282 patients (2.8%) showed
antinuclear antibodies, 3 of 219 (1.4%) had antineutrophil
cytoplasmic antibodies. Three of 197 (1.5%) showed antibodies
to leptospira; vivax or falciparum malaria was present
in fifteen.

Five adult patients (aged 22-48 years) also showed anti-
FH antibodies (854-60,032 AU/ml) and presented with similar
clinical features, chiefly following a febrile illness. One patient
each with systemic lupus erythematosus and following bone
marrow transplant also showed elevated levels (852 and
4,264 AU/ml, respectively). These seven-patients have not

TABLE 1 | Clinical and biochemical features in patients with anti-FH associated
hemolytic uremic syndrome in two 6-year cohorts.

Variable 2007-12 2013-18  Whole cohort P
(n=119) (n=317) (n = 436)
Boys 91 (76.5) 211 (66.6) 302 (69.3) 0.048
Age, years 79+ 3.6 76+£32 7.7 £33 0.26
Time to presentation, days? 18.0 + 182 12.4 +121 13.8 4 14.1 0.001
Duration of oligoanuria, days 11.7 £ 11.2 6.7 £9.9 8.0+ 4.5 <0.001
Anuria 52 (43.7) 79 (24.9) 131 (30.0) <0.001
Prodromal illness
Febrile illness 63 (52.9) 175 (65.2) 238 (54.6) 0.74
Diarrhea, dysentery 10 (8.4) 19 (6.0 29 (6.7) 0.24
Upper respiratory tract 6 (5.0) 39 (12.3) 45 (10.3) 0.032
infection
Jaundice, elevated 24 (20.2) 138 (43.5) 162 (37.2) <0.001
transaminases
Seizures 46 (38.7) 71 (22.4) 117 (26.8) <0.001
Stage 2 hypertension 84 (70.6) 154 (48.6) 238 (54.6) <0.001
Hemoglobin, g/d! 55+ 13 52+13 53+13 0.67

Platelet count, x10%/mm3  63.9 +39.3 585+ 39.1 59.9 + 39.1 0.57

Reticulocyte count, % 11.0+£95 87+6.6 92473 0.10

Nephrotic range proteinuria 36 (30.3) 211 (66.6) 247 (66.7) <0.001
Blood creatinine, mg/dl 5.84+267 546+3.08 5.56+298 0.28

Lactate dehydrogenase, 3042.0 + 3582.5 + 3,447 +2837.4 0.005
IU/L 2701.4 2873.1

Complement C3, mg/dl 700+286 71.2+27.9 70.9+ 281 0.84

Anti-FH antibody, AU/mI* 733056+ 11847.4 + 10,633.2 + 0.005

2017.4 1,140.1 998.5

Normal range: hemoglobin 11.0-15.8 g/dl, platelet count 190-590 x 10%/mm?3,
reticulocyte count 3.6-11%, blood creatinine: 0.17-1.01 mg/dl, lactate dehydrogenase
195-314 IU/L, C3 90-130 mg/dll.

2Days between disease onset and evaluation.

Data shown as N (%), mean + standard deviation or “mean + standard error of mean;
AU arbitrary units; FH factor H.
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been included to maintain homogeneity within a pediatric
aHUS population.

Table 1 shows that patients presented earlier during the illness
in the last 6-year compared to before 2013; stage 2 hypertension
and seizures were also fewer in the latter cohort. Sixteen (3.6%)
patients did not have thrombocytopenia, including six with
mildly deranged renal function. Neurological features (31.3%)
comprised seizures and/or hypertensive encephalopathy (12.4%).
Imaging showed posterior reversible encephalopathy (n = 15),

infarcts (n = 7) and intracranial hemorrhage (n = 2). Other
features included cardiogenic shock (n = 16), pulmonary edema
and hemorrhage (n = 8), and pancreatitis, mesenteric ischemia
and peripheral gangrene (n = 3, each).

Anti-FH Titers and Their Functional Characterization

Anti-FH titers at onset negatively correlated with serum C3 (P <
0.001), platelets (P = 0.013), and hemoglobin level (P = 0.057),
and positively with LDH (P = 0.010; Supplementary Figure 4).

N 386 106 86 61 63 50

1000000

100000

10000

1000

100

10

Anti-FH titers at onset and remission (AU/ml)

47 32 24 17 11 8 4 3

U

12 18 24 30 36 48 60 72 84 96 108 120

Follow-up (months)

FIGURE 1 | Anti-factor H antibodies (shown as mean titers, A) at onset and 6-12 monthly follow-up over 10 years remain detectable (>150 AU/ml) despite remission.
Boxes depict median and interquartile range; whiskers show range of antibody titers at each follow-up visit.

>
=2}

—— Subsequent relapse

E 100000
5 -<- No relapse
S
g
‘% 10000 —e— Subsequent relapse
g _ -<- No relapse
= =
= 1330 AU/ml g
» 1000 E
Q =
= S 440 mg/l
z 2z
<] g
=2 100 =
8 k=i
B N=182 £ N=44
o )
é 10 E 10
01 2 3 4 5 6 7 8 9 0123456 7289101112

Follow-up (months)

Follow-up (months)

FIGURE 2 | (A) Mean anti-factor H (FH) antibodly titers, and (B) Free FH during remission in patients with or without subsequent relapse. Relapses were seen in 12 of
182 (A) and 10 of 44 (B) patients. Generalized estimating equations approach was used on log transformed data. In patients with relapse, the last anti-FH titer and
free FH was estimated at median of 1 (0.7-2) months and 5 (2-6.9) months before relapse, respectively. Anti-FH antibody titers >1,330 AU/ml or free FH <440 mg/|
predict later relapse.
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TABLE 2 | Functional characterization of anti-factor H antibodies at onset and during remission during first year of follow-up.

Onset (N = 44)

Remission

3-months (N = 42) 6-months (N = 37) 12-months (N = 23)

Anti- FH antibody, AU/ml

Circulating FH immune complexes, AU/ml
Sheep red blood cell hemolysis, % 72.8 (57.2-88.7)
Free FH, mg/I 64 (34-106)
Soluble terminal complement complex (sC5b-9), ng/ml

Complement C3, mg/dl 60.7 (48.7-82.6)

5,000 (2,123-163,829)
20,000 (7,168-44,480)

1,510 (832-2,220)

409 (254-861) 277 (154-893.6) 408 (262-691.8)
806 (289-1,328) 710 (244-1,681) 1,004.5 (397-1,663)
16.9 (13.5-22.6) 14.6 (13-19.1) 13 (5.4-20)
- 553 (376-630) 779 (571-1,071)
- 351 (260-720) 355.5 (232.5-642.5)

- 108.9 (95.5-129.9) 121.9 (94.4-130.2)

P < 0.001 for all comparisons from onset.
Values are median (interquartile range); AU, arbitrary units; FH, factor H.

Normal ranges: Anti-FH antibody <150 AU/ml; circulating FH-immune complexes <110 AU/ml; sheep red blood cell hemolysis 16.9 + 2.1%, median free FH 720 (459-810) mg/I;

median sC5b-9 195.3 (151.1-292.5) ng/ml; C3 90-130 mg/dl.

Patients requiring dialysis had higher mean antibody titers
than those not dialyzed (11,287 £ 1,173 vs. 8,198 + 2,017
AU/ml; P = 0.015). Figure 1 shows that anti-FH titers remained
detectable during remission, with mean titers varying between
700 and 1,164 AU/ml on follow-up. Mean anti-FH titers during
remission in patients with or without subsequent relapse are
shown in Figure 2A. Using GEE approach, we found that
patients with relapses had significantly higher antibody titers
1 month preceding a relapse compared to those in sustained
remission (f = 0.18; P = 0.023). ROC curves showed that
titers >1,330 AU/ml at 6-months predicted the occurrence of
a relapse (sensitivity 75%, specificity 81.4%; area under curve
0.86). However, 27 (15.8%) patients with sustained remission had
antibody levels above this cut-off.

Table 2 shows serial levels of CIC, free FH, C3, sC5b-9 and
SRBC lysis from onset to 12-months in 44 patients. While median
CIC declined from 20,000 AU/ml at onset to 806 AU/ml at
remission (P < 0.001), it remained detectable and correlated with
antibody titers at 6- and 12-months (r = 0.44 and 0.40; P = 0.007
and 0.067, respectively). SRBC lysis reduced from 72.8% at onset
to 16.9% during remission, and levels of free FH increased from
64 to 553 mg/l. SRBC lysis and free FH correlated with CIC
(r=0.68 and r = —0.63, P < 0.001) and anti-FH titers (r = 0.60
and r = —0.55, P < 0.001) at all times points. While blood levels
of sC5b-9 declined significantly during remission compared to
onset (Table 2), they were high compared to controls (P < 0.001).

Since anti-FH titers >1,330 AU/ml were a predictor of relapse,
we examined levels of free FH, sC5b-9 and CIC in patients with
sustained remission but having anti-FH titers persistently above
(n = 11) or below (n = 33) this cut-off. Median sC5b-9 and CIC
were 709 ng/ml and 2,196 AU/ml in the former vs. 329.9 ng/ml
and 594 AU/ml (P = 0.067 and P = 0.060, respectively); levels of
free FH were also similar (P = 0.66).

We also examined serial free FH levels during remission in
44 patients, including 10 who later relapsed (Figure 2B). Free
FH levels were significantly lower at 6-months in patients who
relapsed compared to those in sustained remission (8 = 0.29;
P = 0.001). ROC curves showed that free FH <440 mg/l
at 6-months predicted occurrence of relapse (sensitivity 70%,
specificity 100%; area under curve 0.91). Among patients with

TABLE 3 | Therapy and outcomes in patients with anti-factor H associated
hemolytic uremic syndrome.

Variable 2007-12 2013-18 Whole cohort P
(n=119) (n=317) (n = 436)

Dialysis requirement (%) 101 (84.9) 236 (74.4) 337 (77.3) 0.021

Duration of dialysis, days 26 (10-57) 13 (5.8-30.3) 15 (6-36) <0.001

Plasma exchange (PEX, %) 91 (76.5) 247 (77.9) 338 (77.5) 0.75

Days to PEX 17 (7-32) 11 (6-22) 12 (6-24) 0.011

Induction 79 (66.4) 243 (76.7) 322 (73.9) 0.029

immunosuppression (%)

Maintenance 50 (42) 139 (43.8) 189 (43.3) 0.73

immunosuppression (%)

Days to immunosuppression 34 (20-53) 21 (11-31.8) 27 (12-35) <0.001
Onset to hematological 38 24 (16-35) 27 (17-41) <0.001
remission, days (22.5-54.3)

Outcome at 3-months N=105 N =251 N = 356

Stage 2 HTN or proteinuria 48 (45.7) 104 (41.4) 152 (42.7) 0.46

>2+

CKD stages 2-3 18(17.1) 46 (18.3) 64 (18.0) 0.79

Adverse outcome CKD stage 35 (33.3) 46 (1 81 (22.8) 0.002
4-5; death

Outcome at last follow-up N =105 N =251 N = 356

Stage 2 HTN or proteinuria 31(26.1) 64 (20.2) 95 (26.7) 0.43

>2+

CKD stages 2-3 12 (10.1) 27 (8.5) 39 (11.0) 0.86

Adverse outcome CKD stage 38 (36.2) 53 (21.1) 91 (25.6) 0.0038
4-5; death

Relapse 26 (24.7)  35(13.9) 61 (17.1) 0.003

Data shown as median (interquartile range) or N (%), CKD, chronic kidney disease; HTN,
hypertension; PEX, plasma exchange.

anti-FH levels >1,330 AU/ml, free FH <440 mg/] at 6-months
discriminated between patients with a relapse and those with
sustained remission, with sensitivity of 75%, positive predictive
value of 79% and negative predictive value of 91%; area under
curve = 0.91; hazards 6.3, 95% CI 1.7-23.8 (P = 0.018).

Epitope specificity (n = 8 patients) showed similar pattern of
antibody binding during onset, remission and relapse. Antibodies
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FIGURE 3 | Probability of renal survival in patients with anti-factor H antibody associated HUS. Patients diagnosed and managed from 2007 to 12 showed 70.8, 59.8,
and 59.8% renal survival at 1-, 5-years and at last follow up (interrupted line). Corresponding renal survival in patients managed during 2013-18 (continuous line) was
78.7,77.1,and 77.1% (log rank P = 0.022).

demonstrated strongest binding to SCR 17-20 (n = 8), moderate
binding to SCR 9-12 and SCR 13-16 (n = 7, each), and also to
SCR 1-4 (n = 3), and SCR 5-8 (n = 4; Supplementary Table 1).

Therapy

PEX was initiated earlier (median 11 vs. 17 days from onset
of illness) and dialysis requirement was briefer (median 13 vs.
26 days) in the last 6-year (Table3). PEX were done for at
least 14 days in 72.7%; 42 patients received plasma infusions
only. Based on center preference, initial immunosuppression
comprised prednisolone with IV cyclophosphamide (n = 171) or
rituximab (n = 43). Maintenance immunosuppression included
prednisone alone (16), and with mycophenolate mofetil (133) or
azathioprine (40).

Outcome

Information on outcome at 3-months or longer was available
for 356 (81.7%) patients. During the last 6-year, patients
achieved earlier hematological remission and showed better
outcomes at 3-months (Table 3) and last follow-up (Figure 3).
In the subset of 196 patients, managed with PEX and
immunosuppression, adverse outcomes occurred in 12.2% at
3-months (Supplementary Table 2); survival free of adverse
outcomes was 86, 86, and 78% at 1-year, 5-year and last-follow
up at mean 28.5 & 27.3 months, respectively. Sixty-one (17.1%)
patients relapsed at mean 11.0 & 12.9 months from onset; relapse
free survival was 86.4, 73.5, and 68.3% at 1-year, 5-year and last
follow up, respectively. Relapses were early, with 46% occurring
within the first 6-months and 95% within 2-years.

Determinants of Outcome

Mean antibody titer was 22,801 £ 6,712 AU/ml in 19 patients
who died in the first month of illness compared to 9,851 + 1,058
AU/ml in those who survived (P = 0.002). On multivariable
analysis, antibody titer at onset >8,000 AU/ml (OR 6.1, 95%
CI 0.88-43.0; P = 0.066) predicted mortality within 30 days
of onset, while daily PEX for 7 days (OR 0.14, 95% CI 0.02-
0.95; P = 0.044) and concomitant immunosuppression (OR
0.07, 95% CI 0.01-0.71; P = 0.024) were protective (data
not shown). Independent predictors of adverse outcome were
antibody titer >8,000 AU/ml (HR 2.23, 95% CI 1.11-4.48;
P = 0.024), longer time (>14 days) between onset of illness
and initiation of PEX (HR 2.09, 95% CI 0.93-4.69; P = 0.071),
and short duration PEX <14 days (HR 2.60, 95% CI 1.19-
5.67; P = 0.017). Therapy with PEX and induction therapy
(HR 0.37; 95% CI 0.16-0.89; P = 0.026) and maintenance
immunosuppression (HR 0.02; 95% CI 0.001-0.413; P = 0.011)
protected against adverse outcomes (Supplementary Table 3).
Maintenance immunosuppression was associated with relapse
free survival (HR 0.11; 95% CI 0.05-0.27; P < 0.001).

Renal, Cardiovascular Outcomes

Fifty consecutive patients with eGFR 100.2 £ 21.1 (range 67-
156) ml/min/1.73 m? were screened for renal and cardiovascular
outcomes at mean 4.4 £ 2.5 (range 2-15) year from onset.
Seventeen patients had CKD stage 2 and proteinuria was
present in 29. Despite 37 patients receiving antihypertensive
agents, 24 had clinic hypertension. ABPM showed normal blood
pressure (14%), severe ambulatory hypertension (38%), masked
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hypertension (30%), pre-hypertension (18%), and abnormal
nocturnal dipping (76%). Mean systolic and diastolic blood
pressures were at 77th and 87th percentile with mean load 43 +
26 and 40 =+ 26%, respectively. LVH was present in 28% and 5
patients had dyslipidemia.

Median renal reserve was 15.9 (6.3, 28.5)% in 41 patients
(Supplementary Figure 5). Proportion of patients with renal
reserve below 20, 10, and 5% were 49, 27, and 15%, respectively.
Renal reserve was 10.3 (—5.3, 31.5)% in patients with stage 2 CKD
compared to 27.9 (16.9, 40.4)% with eGFR >90 ml/min/1.73 m?
(P = 0.010). Factors independently and inversely associated with
renal reserve were mean systolic ambulatory pressure (8 = —0.49,
95% CI —0.85,—0.12; P = 0.010), number of relapses (§ = —0.65,
95% CI —1.23, —0.07; P = 0.030), urine protein-to-creatinine
ratio >1 (§ = —0.9, 95% CI —0.1, —1.71; P = 0.031) and
increased LVMI ( = —0.04, 95% CI —0.08, —0.001; P = 0.044).
Proteinuria was associated with ambulatory systolic (8 = 0.19,
95% CI 0.07, 0.32; P = 0.003) and diastolic hypertension
(8 =0.16,95% CI 0.03, 0.3; P = 0.021).

DISCUSSION

We report the clinical features and outcomes of a large,
prospective multicenter cohort of 436 children with anti-FH
associated aHUS managed across the country over a period
of 12-year. Although the management was heterogeneous and
based on center practices and physician preference, patients
managed in the recent years show overall better renal survival,
with decline in proportion of adverse outcomes from 36.2 to
21.1%. Prompt PEX, performed for at least 2-weeks, combined
with immunosuppressive medications resulted in renal survival
of 86% at 5-year. Serial examination showed that anti-FH
titers and circulating FH immune complexes persisted well
above the normal range during remission. Among patients
with high anti-FH level exceeding 1,330 AU/ml, level of free
FH below 440 mg/l predicted a 6.3-fold risk of later relapse.
On long-term follow-up, patients show significant sequelae
in terms of severe and masked ambulatory hypertension,
left ventricular hypertrophy and proteinuria (summarized
in Table 4).

While 24% children and 19% adults in the global aHUS
Registry had anti-FH antibodies (8), these autoantibodies were
present in 55.8% patient in the current cohort, confirming the
increased frequency of this condition in India (7). In conformity
with previous reports, predominantly children between 4 and 11-
years were affected (4, 8, 25). The reason for high prevalence
of anti-FH antibody associated HUS in Indian children is
not clear. The population frequency of homozygous CFHRI
deletion is similar in India (9.5%) compared to elsewhere (2—
10%) (7, 9). The high prevalence of the illness in school
going children, predilection for the cold weather, and associated
prodromal symptoms indicate a possible infectious trigger. While
a gastrointestinal prodrome is reported by others (1, 25), the
chief preceding illness in the present patients was low-grade fever
(55%) or a respiratory tract infection. A previous study from
this center, using multiplex polymerase chain reaction on stool

specimens, showed multiple gastrointestinal pathogens in 35
patients predominantly in patients with anti-FH antibodies (26).

Anti-FH titers were related to disease severity as evidenced
by relationship with platelet count, hemoglobin, blood levels
of LDH, dialysis requirement, mortality, and renal outcome.
As shown previously, we found that CIC and SRBC lysis were
markedly elevated during active disease compared to remission
(12, 13, 27-29); the decline in CIC during remission was more
than that of free antibodies, perhaps due to change in avidity of
antibodies for free FH (13). While our finding of persistently high
antibodies during remission has been reported (4, 25), the present
report emphasizes that levels of CIC continued to be high during
follow-up. Other authors suggest that CIC correlate better with
disease activity, than do antibody titers (13).

The present analysis confirms our previous findings on the
association of high antibody titers (>1,330 AU/ml at 6-months)
with subsequent relapse (30). However, 15.8% patients with
quiescent disease had persistently high titers, suggesting that
elevated levels are not always pathogenic. While free FH has been
measured in few patients (31, 32), we determined serial levels in
a larger cohort. Among patients with high anti-FH titer, reduced
free FH concentration (<440 mg/l) predicted a 6.3-fold higher
risk of subsequent relapse with a negative predictive value of 91%.
These findings suggest that formation of CIC reduce availability
of free FH, impairing cell surface protection. This was shown
previously in vitro as dose-dependent reduction in SRBC lysis
on addition of FH to sera of anti-FH positive patients (11). Our
findings suggest that estimation of free FH is therefore promising
for indicating the risk of relapses.

Previous studies on levels of sC5b-9, which assesses activity
of the soluble terminal complement pathway, show variable
levels during active disease and remission (29, 33-36). While all
the present patients had elevated sC5b-9 at onset that declined
during remission, the levels were higher than normal, as shown
previously in some but not all studies (29, 36). Serial estimation of
blood levels of sC5b-9 did not therefore predict relapses, limiting
its utility as a biomarker of disease activity. In contrast, free
FH levels were normal in patients with sustained remission but
having high anti-FH antibody titers, suggesting its potential role
as a biomarker.

While free FH is presently a research tool and not available
widely, close monitoring of anti-FH antibody titers is required
with more careful assessment if elevated >1,300 AU/ml during
the first 12-24 months (37). Relapses usually follow minor
infectious illnesses during which close clinical and biochemical
monitoring is required.

Using FH fragments that were generated in E. coli and
purified by gel filtration, Gurjar et al. used inhibition ELISA
to determine epitope specificity in 21 patients of this cohort
with anti-FH associated HUS (16). Antibodies showed strong
binding to SCR 17-20; binding with lower affinity was present
to SCR 5-8 (16). We extended this work to examine whether
there was altered epitope specificity to FH at onset of the illness,
remission and during relapse in eight more patients. Similar
to the previous work, we found binding to SCR 17-20 in all
patients at onset; binding to SCR 9-12 and SCR 13-16 was also
present in most patients. There were no significant changes in
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TABLE 4 | Summary of key findings in patients with anti-factor H (FH) associated hemolytic uremic syndrome (HUS).

Objective, N

Result

Conclusion

Demographic features,
N = 436

Cohorts: 2007-12
(N =119); 2013-18
(N =317)

Anti-FH antibody titer
and impact on course

Functional
characterization of
antibodies, N = 44

FH epitope specificity,
N=38
Outcome, N = 356

Of 781 patients <18-years-old, 55.8% had anti-FH antibodies. Cases peak between
December and April; prodrome: fever (54.6%), upper respiratory tract infection
(10.3%), diarrhea (6.7 %)

Earlier diagnosis and initiation of therapy in cohort of 2013-18; better outcomes at
3-months (33.3 vs. 18.3%) and at last follow-up (P = 0.022) in recent years

Anti-FH titers at onset negatively correlate with serum C3, platelets and hemoglobin
level; positive correlation with LDH levels and need for dialysis.

Mean anti-FH titers 700-1164 AU/ml over 10-year follow up

Anti-FH titers >1,330 AU/ml at 6-months predicts relapse (sensitivity 75%, specificity
81.4%; AUC 0.86); 15.8% patients in remission show antibody levels >1,330 AU/mlI

Circulating FH immune complexes (CIC) decline but correlate with anti-FH titers during

remission. During remission, median soluble terminal complement complex (sC5b-9)
levels were 329.9 ng/ml and 594 ng/ml in patients with high or low titers, respectively.
Free FH <440 mg/I at 6-months predicts relapse (sensitivity 70%, specificity 100%;
AUC 0.91). Presence of free FH <440 mg/l and antibody >1,330 AU/ml associated
with 6.3-fold risk of relapse

Similar binding during onset, relapse, remission. Strong binding to SCR 17-20; also
to others

Independent predictors of adverse outcome: Anti-FH >8,000 AU/ml, long time to
begin PEX (>14 days from onset) and short duration PEX (<14 days); combined PEX
and immunosuppression were protective. Maintenance immunosuppression reduces

Seasonal predilection and prodromal symptoms
indicate possible infectious trigger

Prompt recognition and appropriate management
improves outcomes

Anti-FH antibody titer correlates with disease
severity at onset. Titers high in remission; need
biomarkers to predict relapse. Patients with anti-FH
titers >1,330 AU/ml at risk of relapse—require
careful clinical monitoring.

CIC and sC5b-9 elevated even during remission;
unsatisfactory biomarkers of disease

Low levels of free FH predict relapse; requires
examination in a larger cohort

Binding at multiple epitopes on FH

Antibody titers at onset predict early mortality and
outcomes. Adequate PEX with immunosuppression
improve outcomes.

risk of relapses.

Outcomes at 4.4 +£ 2.5
year from onset,
N =50

Renal reserve, N = 41

hypertrophy (28%), and dyslipidemia (10%).

eGFR 100.2 + 21.1 ml/min/1.73 m?; proteinuria (58%), severe ambulatory
hypertension (38%), masked (30%), prehypertension (18%), left ventricular

Median renal reserve 15.9%. Inverse association with mean systolic pressure, number
of relapses, urine protein-to-creatinine ratio, and increased left ventricular mass index.

More than one-third patients show renal and
cardiovascular sequelae

Suggest long term assessment for proteinuria,
ambulatory hypertension, cardiovascular outcomes

AUC, area under the curve; eGFR, estimated glomerular filtration rate; FH, factor H; LDH, lactate dehydrogenase; PEX, plasma exchange; SCR, short consensus repeats; sC5b-9,

soluble terminal complement complex.

epitope binding between onset, remission and relapse, as shown
previously (14). The small number of patients studied limits
conclusions regarding epitope specificity. Table 5 summarizes
findings from various reports on epitope specificity of anti-FH
antibodies, emphasizing predominant binding to the C-terminal,
and also other domains on FH (5, 11, 13, 14, 16, 25, 38-40).

Education and dissemination of management protocols
through scientific meetings and efforts for consensus guidelines
(37) has resulted in prompt recognition, early referral, and
protocol based management, improving patient outcomes. While
PEX and immunosuppression are considered primary therapies
for patients with anti-FH associated HUS, the duration of
therapy is empirical (41). The present report suggests that
prompt and adequate duration of PEX was associated with
decreased mortality and improved renal outcomes. Since most
relapses occurred in the initial 2 years, immunosuppression
is recommended for this period. We did not find increased
rates of infections with use of immunosuppressive agents, as
was a concern in a previous study (25). Our findings also
suggest that strategies like PEX with corticosteroids alone, or
immunosuppression with/without plasma infusions had limited
benefit on long-term outcome.

An audit on safety of PEX from centers in Europe
and North America showed procedure related complications

and hypersensitivity to plasma in one-third patients, limiting
the safety of this procedure in children (42). A similar
audit of 2024 PEX sessions in 109 patients in New Delhi
showed chiefly self-limiting adverse events (9.1%), including
chills, vomiting, abdominal pain, and urticaria; hypotension
(1.6%), hypocalcemia, tachycardia, seizures (0.2%, each), and
hemorrhage (0.1%) were rare and catheter-related adverse events
comprised only bloodstream infection (1.45/1,000 catheter-
days). Hematological remission was achieved in 93.4% of patients
within a fortnight of initiating PEX, with 80% and 90% patients
discontinuing dialysis by 1 and 3 months, respectively (43).
PEX was therefore overall safe and effective with satisfactory
short-term outcomes.

Inhibition of the complement pathway with eculizumab is
the standard of care for aHUS in developed countries (15).
Most patients with anti-FH associated illness are treated
similarly (25), although international pediatric and KDIGO
guidelines suggest the use of PEX and immunosuppressive
therapy for this disorder (15, 44). However, eculizumab
does not impact generation of antibodies and additional
immunosuppression might still be required. On the
other hand, present findings show that despite PEX and
immunosuppressive therapy almost one-quarter of all patients
with anti-FH associated HUS had an adverse outcome. Some
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TABLE 5 | Epitope specificity of anti-factor H (FH) antibodies to short consensus repeats (SCR) of FH.

References ~ SCR1-4 SCR1-7 SCR7  SCR5-8 SCR8-14 SCR9-12 SCR11-14 SCR13-16 SCR15-20 SCR17-20 SCR 19-20
Blanc et al. (13)  13/14 17/18 5/18 18/18 8/17
Bhattacharjee 10/10 10/10
et al. (38)
Moore et al. (39) 1/12 712
Jozsi et al. (11) 0/5 1/5 5/5 5/5
Jozsi et al. (5) 0/16 4/16 16/16 16/16
Nozal et al. (14) 1/14 114 2/17 12/14
Guo et al. (40) 4/36 6/36 4/36 12/36
Gurjar et al. (16) 21/21 21/21
Brocklebank 5/17 117% 117" 15/17
et al. (25)
Present study 3/8 4/8 7/8 7/8 8/8
Total (%) 35.4% (81/229) 24.8% (31/125) 73.9% (164/222)
N-terminal of FH Mid-portion of FH C-terminal of FH
#Short consensus repeats (SCR) 8-15; "SCR 16-18.
of these patients might have benefited from prompt use AUTHOR CONTRIBUTIONS
of eculizumab, especially if hematological remission was
delayed beyond 7-10 days. There is need for a prospective ~ MP: performed  experiments, manuscript preparation.

study examining the efficacy and safety of eculizumab in this
specific condition.

The rates of persistent proteinuria (15-30%) and ambulatory
hypertension (10-46%) following Shiga toxin HUS are
similar to the present cohort (45-48). Masked hypertension
and abnormal dipping of blood pressure are proposed to
be associated with adverse cardiovascular outcomes and
microalbuminuria (49, 50). The findings of abnormal dipping
in three-quarter of all patients, and masked hypertension,
LVM in one-third are therefore important. We also found
reduced renal functional reserve in one-third patients,
similar to 24-65% in patients with Shiga toxin HUS (51—
54). Conforming to previous reports, functional reserve
was inversely associated with proteinuria and ambulatory
hypertension (53, 55-57). Since we assessed functional
reserve in patients with eGFR >60 ml/min/1.73 m?, its
overall magnitude is perhaps higher. The present findings
emphasize that patients recovering from anti-FH associated
HUS require long-term assessment for cardiovascular and
renal outcomes.
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