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The spectrum of complement-mediated diseases



Etiology based classification of TMA

HUS with coexisting disease [ condition

Bone marrow transplaniation

Solid organ transplantation”

Malignancy / cancer chemaotharapy

Autoimmune disorders (SLE, antiphospholipid syndrome,
scleroderma, dermatomyositis)

Drugs (calcinaurin inhibitors, sirclimus and anti-VEGF agenis)

Thrombotic microangiopathies Malignant hy pertension

HIV infaction

Congenital Thrombotic Streptococcus pneumoniae —-HUS

ADAMTS13 thrombocytopenic HELLP Hemolytic Influenza A/ HIN1-HUS

deficiency \ purpura syndrome’ uremic

e STEC-HUS
ADAMTS13
Anti-ADAMTS13 activity <10%
antibodies
Cobalamin C defect-HUS
DGKE mutation-HUS
Mutations in CFH, CFI,
Alternative complement pathway | MCP, C3, CFB, THED
dysregulation-HUS"
| Anti-CFH antibodies

Unexplained HUS

Loirat et al, Pediatr Nephrol 2015



Benefit of complement-targeting treatment
supports common pathogenetic role for complement

TMA associated with metabolic disease

TMA associated with infections

TMA associated with malignant hypertension

Riedl / Licht et al, Semin Thromb Hemost 2014



Primary complement dysregulation

A
 Endogenous defects — mutations / autoantibodies
e Conditions resulting in EC activation and
secondary complement activation
* Drugs
e Malignant hypertension
* Pregnancy
e Conditions activating complement
e Immune complexes
e Autoantibodies
e Infections
e Conditions inhibiting complement regulators
e Shiga toxin
\ 4

Secondary complement activation / dysregulation
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The complement system — activation and regulation



The complement system

1889 — Hans Ernst August Buchner
... detects that a cell free system that can kill bacteria.

1896 — Julius Bordet

... detects a heat-insensitive component with specific anti-microbial
function (i.e. antibodies) and a heat-sensitive component with unspecific
anti-microbial function (i.e. complement).

1900 — Paul Ehrlich
... coins the term “complement” (i.e. something that complements the
function of antibodies).

1930 — Jackie Stanley
... establishes our current understanding of the complement system and its
role for innate and acquired immunity.
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Zipfel and Skerka, Nat Rev Immunol 2009




Complement alternative pathway:
Regulation and dysregulation on the endothelium

¢ Normal endothelial cell
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Chiang and Inagi, Nat Rev Immunol 2010



¢ Normal endothelial cell
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aHUS — a complement-mediated disease



CFH deficiency
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Mutation in SCR15:
- cDNA: T2770A (exchange)
- Protein: Y899Stop (premature stop codon)
Conseguence:
- CFH praotein truncated
FHL-1 —

- CFH |

rotein stays intracellularly and is not se

icreted

1 Z

Licht et al, Am J Kidney Dis 2005




C3b site 1

CFH mutations

C3b site 2 C3b site 3
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CFH autoantibodies — DEAP HUS

CFHR1p
CFHR10,

4 b FactorH
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Regulation

Recognition

Dragon-Durey et al, ] Am Soc Nephrol 2005:
- Normal CFH levels

- Decreased CFH activity

- No CFH mutations

- CFH autoantibodies in 6% of aHUS patients

Jozsi et al, Blood 2008:
- CFH autoantibodies bind and inhibit CFH C-terminus

Jozsi and Licht et al, Blood 2008:
- CFH autoantibodies in 11% juvenile aHUS patients
- Patients lack CFHR1/3 expression
- New aHUS subgroup: DEAP HUS
(deficiency of CFHR and CFH autoantibody positive)

Abarrategui-Garrido et al, Blood 2009:
- CFH antibodies associated with CFHR1 deficiency



aHUS-associated complement defects

Loss of function mutations
- Factor H (CFH)

- Factor | (CFl) -
- Membrane cofactor protein (MCP/CD46) —
- Thrombomodulin (THBD/CD141) i C

Autoantibodies
- CFH (in combination with CFHR3/CFHR1 deletion: DEAP-HUS)

CFB
Gain of function mutations
- CFB @—) —>
- C3 b
C

Diacylglycerolkinase-& (DGKE)

Plasminogen (PLG)

Noris and Remuzzi, N Engl J Med 2009; George and Nester, N Engl J Med 2014
Ozaltin et al, ] Am Soc Nephrol 2013; Lemaire et al, Nat Genet 2013; Bu et al, ] Am Soc Nephrol 2014



Functional consequences of DGKE mutations
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Endothelial cells:
- PAF

- PAI-1

- VWF

-TF

- tPA

- VEGEFR2

Platelets:
- Granule secretion
- TA,

Podocytes:
- Slit diaphragm function
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Complement mutation — disease manifestation
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0 10 20 30 40 50 0 7O 80

Mumber of index cases Age at onset (years)
MCP 20 7 1 0 0
CFH 59 35 B8 1 1
CFI 18 13 5 0 0
C3 18 10 2 0 0
No identified mutation 68 33 12 1 1

Fremeaux-Bacchi et al, Clin J Am Soc Nephrol 2013




Age at disease manifestation and genotype —
renal outcome

Owerall renal survival

Mumber at risk

Owerall renal survival
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Long-term outcome

e Relapse:
- 40% overall risk (43% in children; 35% in adults)
- 57% of relapses in children and 82% in adults during the first year (!)
(92% of relapses in children with MCP/CD46 mutations)
- 25% of relapses in all patients after the first year

e ESRD / death:
-17% in children and 46% in adults at 1 month
- 36% in children and 64% in adults at 5 years

e Extrarenal manifestation:
- Overall 10-30%
- Most prominent organ system — CNS (11%)
- Other organ systems — Gl (e.g. liver/pancreas), heart, etc.

Noris et al, ] Am Soc Nephrol 2010; Fremeaux-Bacchi et al, Clin ) Am Soc Nephrol 2013



Individual vs. combined complement mutations

Table 2. Prevalence of patients with single and combined mutations in CFH, MCP, CFl, C3, and CFB in the four cohorts

Genetic Abnormality CFH MCP CFI c3 CFB
CFH 158
MCP 7 &5
CFl 4 9 46
C3 2 1 1 45
CFB 0 0 1 0 9
Triple-mutated Two patients
Combined/single 15/158 19/65°F 17/46™° 4/45 1/9
Combined/single + combined (3%) B.7% 22.6% 27% B.2% 10%
Single mutation/screened patients 158/795 (19.9%) *?9“‘“ (8.2%) 48/ ?ef“m 8%)  45/795%°(5.7%) 9 7957 (1.1%)
Combined mutations™/screened patients 15,’?5‘5”{1.5‘?-"’:.} 1'5‘;'?'5‘ *(2.4%) 177795 {2.1 ) 4795 (0.5%) F795 (0.1%6)
- Patients carrying any mutation 44% (350/795)
- Patients carrying single gene mutation 40.6%
- Patients carrying combined mutations 3.4%
- Additional mutation risk MCP/CD46 22.6%
- Additional mutation risk CFI 27%

- Additional mutation risk CFH, C3, CFB 8-10%

- Additional mutations have no impact on overall outcome (except for MCP/CD46)

- MCP/CD46 alone 18.5% vs. MCP/CD46 combined 50% ESRD at 3 years

Bresin et al, Clin J Am Soc Nephrol 2013



Risk haplotypes
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Diagnostic algorithm for aHUS

Thrombocytopenia AND Microangiopathic Hemolysis
Platelet Count <150,000 Schistocytes and/or
or >25% Decrease Elevated LDH and/or
From Baseline Decreased Haptoglobin and/or
Decreased Hemoglobin

Plus one or more
of the following:

Neurological Symptoms Renal Impairment Gastrointestinal Symptoms
Confusion and/or Elevated Creatinine and/or Diarrhea +/- Blood and/or
Seizures and/or Decreased eGFR and/or Nausea/Vomiting and/or
Other Cerebral Abnormalities Elevated Blood Pressure and/or Abdominal Pain and/or
Abnormal Urinalysis Gastroenteritis

Evaluate ADAMTS13 Activity and Shiga-toxin/EHEC* Test

While waiting for ADAMTS13 results, a platelet count of >30,000 or a serum creatinine level >150-200 pymol/l
almost eliminates a diagnosis of severe ADAMTS13 deficiency (TTP)

b

<5% ADAMTS13 Activity ] { >5% ADAMTS13 Activity |[  Shiga-toxin/EHEC Positive

= = =

Diagnostic work up for aHUS includes:

- Screening for mutations in target genes
- MLPA for CFHR1-5

- ELISA for CFH autoantibodies

Laurence, Clin Adv Hem Oncol 2012; Coppo et al, PLoS One 2010




Diagnostic algorithm for aHUS

Rule out HUS with coexisting
disease / condition

—

Mostly bone marrow transplantation in childrean
Ant-CFH antibodies and Jor banefit from therapeutic complament blockade (eculzumab) repored in fow cases of bona
marrow transplantation — HUS (35-37).

Rule out & pneumomniae - HUS

Bacterial culiure (blocd, pleural fluid or C5F) + 5 preumoniae soluble polysaccharide antigen (uring/CSF)

+16z ribosomal RMA (PCR) (pleural fluid /CSF)

Direct agglutination test (direct Coombs) + Thomsen-Friedenreich antigen detection (peanut lectin agglutination method)
confirm neuraminidase activity

3 pneumaniae infection may be a complication of influenza A infection

Thare is a transiant activation of the altemative complemant pathway at the acute phase of 5 pnoumaniae —HUS (38,30)

Fule out Influenza A/ HINT -
HUS

Influanza A cultura, antigen detection, PCR (nasopharyngaal swab) or sarology
Influernza A, particularly the H1N1 strain, may be an independant cause of HUS or tha trigger of HUS episode in
patients with complemeant dysregulation (mostly MCP mutation in children) (3)

Rule out TTP

Plazma® ADAMTS13 activity (Frets VW 73 (40); commercial kits (41.42) only partially reliabla)
Ant-ADAMTS 132 antibodies
Mo association of congenital TTP with complement mutation (single case associated with a CFH rare variant (43 ")

Rule out STEC-HUS

Rule out Cobalamin G
defect-HUS

aHUS likety

Stool or rectal swab at admission: culture for STEC (sorbitol MacConkey agar for 0157:H7; selective media for non-0157
STEC) ; real tima PCR for Stx genes; immunologic tests for froe So, Stx genes or 0157 LPS antigen (commarcial
kits). confirmation by culture or PCR desirable

Sarum: anti-lipopolysaccharides antibodies against common STEC serogroups

STEC can trigger HUS episode in approximately 1% of patients with complement mutation | mosty MCP mutation in
children) (3}

The altemative complemeant pathway can be transiently activated during the acute phase of STEC-HUS (44,45)

High homocysteine (immunologic or chromatographic assay) and low mathionine (amino-acid chromatography) plasma
levals, and incraased methyl-malonic acid in plasma and'or uring {organic acid chromatography ). Diagnosis confirmad
by MMACHC diract sequencing analysis

Two patients have been reporied with Cbl-C deficiency and CFH (46) or MCP mutation (47), the former with unknown
functional consaquences and the later reclassifiad as rare varant

C3,C4, CFH, CFl £ CFB®

Anti-CFH antibodies®

MCP surface exprassion on polynuclear or mononuclear leucocytas (FACS)

Screening for mutation in GFH, GH, MCP. C3, GFB, THED, DGKE by direct sequencing analysis or Next Generation
Sequancing

Screening for CFH hybrid gene and copy number variation in CFH and GFHRs by MLPA

Loirat et al, Pediatr Nephrol 2015




Genetic testing of aHUS patients

When

- First episode of aHUS: Start genetic screening after confirmation that there is no
causative disease, no STEC infection, no severe ADAMTS 13 deficiency and no
hyperhomocysteinemia /methyl-malonic aciduria.

- Start genetic screening without delay if
« Helapse of HUS
« Familial history of non synchronous HUS
e Pregnancy/post-partum-HUS
« De novo post—transplant HUS

- Genetic screening required before kidney transplantation for aHUS. Not justified before
transplantation for STEC-HUS, unless this diagnosis was uncertain/unproven.

Genetic characterization necessary for

- Confirmation that the disease is complement-dependent or not

- Establishing prognosis, risk of relapses and of progression to ESRD

- Genetic counselling to parents and family

- Decisions for kidney transplantation: choice of the donor, treatment schedule to prevent or
treat post-transplant recurrence, decision of combined kidney-liver transplantation

- Further prospective studies are required to establish the safety of complement blockade
treatment discontinuation, according to the genetic background

Loirat et al, Pediatr Nephrol 2015
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Plasma therapy

First-line treatment (2009)

Plasma infusion:
- Replacing deficient and/or defective complement factors

- Dose limited because of volume challenge

Plasma exchange:

- Removing mutant complement factors and/or antibodies
- Restoring functional complement regulators

- Providing larger amounts of plasma than with infusion

Ariceta et al, Pediatr Nephrol 2009



Diagnosis of HUS
Atypical presentation (see step one)

Exceptions®
¥
Flasmapheresis within 24 hours of diagnosis
Exchange 1.5 X plasma volume (60-75ml/kg) per session
Replace with fresh frozen plasma or Octaplas®’
Withdrawal®
Repeat plasmapheresis daily X 5 Alterative diagrosis

Then 5 sessions per week for 2 weeks

Then 3 sessions per week for 2 weeks Complication of plasmapheresis

Eary remission

l = -
Asgess outcome at day 33
Go to step 4

Ariceta et al, Pediatr Nephrol 2009



Limitations and complications

Not all aHUS patients respond to plasma therapy.

Patients with mutations of membrane-anchored complement regulators
(e.g. MCP/CD46; THBD/CD141) may not benefit from plasma therapy.

Possibility for multiple mutations (e.g. in MCP/CD46 mutation carriers).
(Beresin et al, J Am Soc Nephrol 2013)

Secondary failure to plasma therapy in patient with CFH mutation.
(Nathanson et al, Pediatr Nephrol 2006)

Plasma therapy requires central venous access or AV fistula —
high complication rate especially in children.

Ariceta et al, Pediatr Nephrol 2009; Johnson et al, Pediatr Nephrol 2014



aHUS outcome

Sudden death and vital organ 1.00 7
damage.l?

33-40% of patients die or progress 0.75

to ESRD with the

1st clinical manifestation.l3
0.50 —

Chronic progressive course with
premature mortality.134

Cumulative Fraction of Patients Free of Events

0.25 — ! :
. . . : CFH mutation =
65% of all patients die, require ! most common population
dialysis or have permanent renal l
1
damage within the 1st year after T T T T 1 I !
. . . 0 3 6 125 25 a0 75
diagnosis despite plasma Follow-up (months)
exchange or plasma infusion.* No.atRisk 402720 12 7 5 3

Modified from Caprioli et al. Blood 2006;108(4)-1267-1272.

(1) Caprioli et al, Blood 2006; (2) Sallée et al, Nephrol Dial Transpl 2010;
(3) Noris et al, Clin ] Am Soc Nephrol 2010; (4) Noris et al, N Eng J Med 2009



aHUS outcome

P<0.001 = = ' Pediafric onset

Adult cnset

Owerall renal survival
without ESRD (%)

Mumber of aHUS patients at risk
Pediatric onset 89 34 17 13 6

Adult onset 125 18 7 2 0

Fremeaux-Bacchi et al, Clin J Am Soc Nephrol 2013




aHUS outcome

Relapse:

- 40% overall risk (43% in children; 35% in adults)

- 57% of relapses in children and 82% in adults during the first year (!)
(92% of relapses in children with MCP/CD46 mutations)

- 25% of relapses in all patients after the first year

ESRD / death:
-17% in children and 46% in adults at 1 month
- 36% in children and 64% in adults at 5 years

Extrarenal manifestation:

- Overall 10-30%

- Most prominent organ system — CNS (11%)

- Other organ systems — Gl (e.g. liver/pancreas), heart, etc.

Noris et al, ] Am Soc Nephrol 2010; Fremeaux-Bacchi et al, Clin ) Am Soc Nephrol 2013



aAHI IS treatment
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Rother et al, Nat Biotechnol 2007



Platelet Count (per mm3)

First successful use of eculizumab in aHUS

Eculizumab
150,000+ l -1.6
Diagnosis
125,000+ \ 4
Creatinine
100,000+
Plasmapheresis
ol ST
Platelets )7
50,0004
Haptoglobin
25,000;r
0 0.0

Time (days)
Nuernberger et al, N Engl J Med 2009

—1.4

Creatinine
(mg/dI)

—1.2

Haptoglobin
(g/liter)



Platelet Count Lactate Dehydrogenase
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Gruppo et al, N Engl ] Med 2009
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Meningococcal infection prophylaxis

Meningococcal vaccination is mandatory, before eculizumab initiation or as soon as possible if urgent eculizumab therapy is indicated
Quadrivalent conjugate vaccines (anti-A, C, Y, W) :Manacimm (USA) [age = 9 months), Menveo® (age = 2 vears) or Nimenrx® (age = 1 year))
Recent studies showed that Menveo® was well tolerated and highly immuncgenic in healthy infants aged 2 to 12 months (103,104)°

+ Anti-B vaccine (Bexsero® (age 2 2 months), where available

Efficacy of anti-meningococeal (vaccine) antibodies is uncertain in patients with complement deficiency, complement blockade or
immunosuppressive therapy. We therefore recommend additional antibiotic prophylaxis, allowing prompt initiation of eculizumab.

Pationts with ESRD dua to aHUS sh::uugl:l ba vaccinated prior to registration on the waiting list {105,108). Also consider vaccination of household close
contacts (at least siblings and parents) .

Meningococcal
vaccination

Which antibiotics?

Methylpeniciliin (fwice daily, full dose adapted to weight). Despite the reduced sensitivity of approximately 20% of meningoc occi towards penicillin,
methylpanicillin retains its overall efficacy to prevant meningococcal infection.

Macrolides in case of allergy to penicillin (howsever macrolides interfere with calcineurin inhibitors metabolism in transplan ted patients)

Avoid rifampicine or fluorcguinolone for long term prophylaxis, to limit the risk of inducing bacterial resistance (except in case of contact with a
patient with invasive meningococcal infection)

(Othar antibictics may be recommendad by local exparts

Which duration?

Chbligatory during 2 weeks after vaccination in patients recaiving eculizumab

Chbligatory in some countries (Franca, UK) as long as the patient recaives eculizumab (+ 60 days after eculizumalb discontinuation)
Discrapant current practice in othar countries

Continuous antibioprophylaxis is recommeandad by the majority of awthors of this review

Antibioprophylaxis

Education on signs of meningococcal infection to ensure eary recognition and freatment

Consider prescription of ceftriaxone for immediate access at home in remote areas

Travelholidays should be carefully prepared (information on meningococcal epidemiclogy in the visited country, prior written contact
with local toams, information to the patient of whera to go, which doctor’department/phone numbers...)

Education

Information card

Information card to be carried by tha pationt or hisher care giver, to be shown to medical staff in case of symploms suggesting infection

Loirat et al, Pediatr Nephrol 2015



Treatment of patients with antibody-mediated aHUS

First episode of aHUS

.

Eculizumab {or PE if eculzumab not available) within 24-48 hours after onset

-

Positive for anti-CFH antibodies

—— T
Mo or mild extra-renal manifestations Severe extra-renal manifestations
Continue eculizumab Switch to PE or continue PE Consider combining PE with
Consider adding corticosteroids and/or + cyclophosphamide pulses (x2-5) eculizumab®
MMF in attempt to reduce antibody titer of rituximab + cyclophosphamide pulses or

+ coricosteroids ritimab + corticosteroids
Efficiency / benefits to be established '
] ' |
Stop PE [/ eculizumab when anti-CFH antibody titer < 1000 AU/mP

L ]
Maintenance treatment with MMF + corticosteroids, guided by anti-CFH antibody titer

Consider treatment withdrawal after = 1 vear in patients with stabilized remission of HUS,
anti-CFH antibody titer < 1000 AU/mi* and normal C3

Further studies are required to document which option is the best for which patient

Loirat et al, Pediatr Nephrol 2015



Treatment duration in aHUS

« |n the precomplement blockade period, the risk of relapse after the first year in patients alive without ESRD at 1 year
follow-up, was 20-30% in patients with CFH/CFI mutations or no complement mutation identified, while it was 92% in
children with MCPF mutation. Despite a relapsing course, children with MCP mutation retained a relatively favourable

z prognosis {17% ESRD at 5 years follow-up) (3

Risk of

+  MNobody knows what will be the relapse rate after complement blockade discontinuation in patients
relapse . '
who survived and have preserved renal function under complement blockade
»  Strict monitoring (twice weekly urine dipstix) for eary detection of relapse and immediate re-initation
of complemeant-blockade treatment in case of relapse can limit the rigk of poor outcomea and renal

sequel (142)

Risk of s« The frequency of cardio/cerabro vascular complications and of arterial stenosis in aHUS patients compared to
patients with CKD due to other causes is not documented, Therefore this problem currently is not demonstrated

vascular
complications as a reason for life-long complamant blockade
Risk of
meningococcal N . . .
infection under *  Neither vaccinalion nor anlibioprophylaxis guarantee prolection against meningecoccal
compl nt infaction in patients receiving terminal complement blockade therapy
blockade therapy
Complement +  Long term IV infusions may lead to vascular access obstacles
blockade treatment »  Twice monthly IV treatment —particularly if performed in hospital- may be unacceptable as a life-

long social commitmeant

burden and cost
*  Access to eculizumab both logistically and financially may be limited in some settings

Loirat et al, Pediatr Nephrol 2015




Management of aHUS patients with kidney transplants

Which donar?

Prophylaxis according to the
risk of recurrence in the recipient

Protection from endcthelial
damaging factors

Transplantation can be considared in a well informed recipient and’or donor
i provided that eculumab will be available to prevent or treat HUS recurrence

Deceased donor or non-ralated living donor

Related Iving donor /

Assessment of the risk ———4 The donor has the same mutation as the recipient

The mutation found in the recipient has an indisputable role
in the pathogenesis of aHUS and is not found in the donor

of aHUS in the donor

- The role of the varant found in the recipient is uncartain

{unreporied in data bases and with unknown functional conseguences)

- Mo mutation identified in the recipient or the donor

High risk
« CFH, C3 /CFB gain of funciion mutation
. Prior graft lost due to recumence, whatever the genetic background®

Intermediate risk
" CFl mutation
. Combined MCP mutation

——p Pmrophylactic eculizumab or PE

Loww risk

. DGKE mutation

. Isolated MCP mutation

" Mo mutation identified

. Low anti-CFH antibody titer

¥  No proohviaxis

Delayed graft function related to cerebral death
and ischemial reperfusion (triggers of altemative

complement pathway activation) /

Rejection {antibody-mediated rejection triggers
classical complement pathway actvation)

Infections, mostly CMV infection

¥

Immunosuppressive drugs

T

\\—\,

Hy pertension / atherosclenosis

— Prophylactic eculizumab

Low risk of HUS Living —ralated donar
———————— for the donor ———p transplantation
can be done
# High risk of HUS
for the donor ——Pp Living —related domor

transplantation
should not be done

Intermediate risk of HUS for
the donor who may share an //
unknown risk facior with the

recipient

-

HAwroid

#  Pmolonged cold ischemia time

=  Mon-heart beating donor

Prefer young deceased donorwith preserved kidney function
Consider living-domor if possible

CMV prophylaxis

#»  CMI are not contraindicated (CHI are not an indepeandent risk factor
fior recurrenca) (70}, but careful monitoring of blood levels is
required to svoid overdosing

«  CMiHrea mTOR-based immunosuppressive regimens should be
avoided

Avoid transplantation scross positive cross-match
and preformed donor-specific antibody

ACEI! ARA J statins

Loirat et al, Pediatr Nephrol

2015
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