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Differential effects of therapeutic complement
inhibitors on serum bactericidal activity against
non-groupable meningococcal isolates recovered
from patients treated with eculizumab

Eculizumab is licensed for the treatment of paroxysmal
nocturnal hemoglobinuria, atypical hemolytic uremic
syndrome, and generalized myasthenia gravis. By block-
ing C5, eculizumab inhibits meningococcal serum bacte-
ricidal activity (SBA), leaving patients at an approximate-
ly 2000-fold higher risk of meningococcal disease than
the general population.' This increased risk includes inva-
sive disease caused by unencapsulated (non-groupable,
NG) strains,"” which rarely cause invasive disease in nor-
mal hosts.”

ACH-4471" targets complement factor D in the alterna-
tive pathway (Online Supplementary Figure S1), and is
being developed to treat paroxysmal nocturnal hemoglo-
binuria and C3 glomerulopathy. Since the terminal path-
way remains intact, SBA can occur in the presence of
ACH-4471 via the classical and lectin pathways (Online
Supplementary Figure S1). In a previous study, eculizumab
completely blocked whole blood opsonophagocytic
killing of encapsulated serogroup B and C meningococcal
strains while blocking factor D with ACH-4471 gave less
impairment.” Here we describe 18 cases of invasive
meningococcal disease in eculizumab recipients reported
to the US Centers for Disease Control and Prevention
between January 2008 and July 2018 (Online
Supplementary Table S1), and the effect of eculizumab and
ACH-4471 on SBA against NG meningococcal isolates
recovered from eight of these patients.

The indications for eculizumab were paroxysmal noc-
turnal hemoglobinuria in 12 patients, atypical hemolytic
uremic syndrome in five, and neuromyelitis optica (Devic
disease) in one. Information on antibiotic prophylaxis
was available for 14 patients: two (cases 11 and 18) were
receiving penicillin at the time of meningococcal disease
onset (Online Supplementary Table S1). The small number
of patients in the present series receiving prophylactic
antibiotics likely reflected lack of an official recommen-
dation in the USA on routine use of antibiotic prophylax-
is in this population.

The susceptibility of the isolates to penicillin was
measured by reference broth microdilution.’ Isolates
from five cases, including both recipients of prophylaxis
with the antibiotic, showed intermediate penicillin sensi-
tivity (cases 10, 11, 16, 17 and 18) and one more isolate
was penicillin-resistant (case 12, Ounline Supplementary
Table S1).

Capsular serogroups were evaluated by slide agglutina-
tion, whole genome sequencing and/or polymerase chain
reaction.” Thirteen of the 17 cases (76%) with a clinical
sample or an isolate available for testing were caused by
strains that were NG phenotypically (n=12, Table 1) or,
for one case where only a clinical specimen was avail-
able, by polymerase chain reaction (Table 1). The remain-
ing four were caused by encapsulated serogroup Y iso-
lates (Online Supplementary Table S1). All but one of the
NG isolates (case 11, C backbone) showed evidence of
disrupted or phase-variable “off” capsular polysaccharide
synthesis gene loci (Table 1).

For 16 patients there was documentation of receipt of
serogroup A, C, W, Y meningococcal quadrivalent poly-
saccharide or conjugate vaccine, whereas vaccination sta-
tus for the remaining two patients was unknown. Of the
six eculizumab-treated patients with meningococcal dis-
ease onset after June 2015, when serogroup B meningo-

coccal vaccine (MenB) was first recommended,® one
patient had received one dose of MenB and three had
received a complete MenB series (Online Supplementary
Table S1).

The MenB-FHbp (Trumenba®) vaccine contains two
recombinant FHbp variants from sub-families A and B,
and MenB-4C (Bexsero®) contains a sub-family B FHbp
and three other meningococcal antigens (recombinant
NHba and NadA, and PorA P1.4 in outer membrane vesi-
cles). These antigens are not limited to capsular group B
meningococcal strains. Vaccine antigen expression for the
12 available NG isolates was characterized by flow
cytometry using mouse antisera to FHbp, NHba, and
NadA as previously described.” All 12 isolates expressed
sub-family A or B FHbp and one or two other MenB-4C
antigens (Online Supplementary Figure S2A and S2B). None
had PorA P1.4.

We measured SBA in sera from eight healthy unvacci-
nated adults and eight adults vaccinated in previous stud-
ies with MenB-4C (n=4)" or MenB-FHbp (n=4)." Serum
selection was based on availability of sufficient volumes
for the current studies. One individual, subject 9010, pro-
vided sera both before vaccination and 1 month after the
MenB-4C dose 2. Sera from the remaining vaccinated
subjects were obtained 6 to 12 months after MenB-4C
dose 2 or MenB-FHbp dose 3.

The SBA assay used early log phase bacteria incubated
with a 1:5 dilution of serum with internal complement
preserved. Eculizumab (50 pg/mL), ACH-4471 (1 uM),”* or
no inhibitor was added to the reaction and the percent
bacterial survival was calculated after incubation at 37°C
for 60 min.

Against a control serogroup B encapsulated strain
(H44/76), all eight unvaccinated sera had SBA titers <1:5
(bacterial survival >50%) (Figure 1A), whereas all eight
post-immunization sera had SBA titers =1:5 (Figure 1D,
G) (P=0.0002, Fisher exact test). Eculizumab completely
blocked vaccine-induced SBA (Figure 1D, G). In contrast,
ACH-4471 had little or no effect on vaccine-induced SBA
against the capsular group B strain (titers =1:5 in all 8 vac-
cinated subjects) (Figure 1D, G).

In the absence of an added inhibitor, SBA titers were
=1:5 against two NG isolates with a disrupted B ¢ps locus
(isolate CH891) (Figure 1B, E, H) or phase-variable “off” B
cps locus (isolate CH892, Figure 1C, F, I) for all 16 unvac-
cinated or vaccinated subjects. Eculizumab again com-
pletely blocked SBA, whereas ACH-4471 had minimal
effect.

Similarly, in the absence of a complement inhibitor,
three NG isolates with disrupted Y c¢ps loci (Online
Supplementary Figure S3), and two NG isolates with cap-
sular null loci (cnl; CH885 and CHB896) (Ounline
Supplementary Figure S4) were killed by sera from all 16
unvaccinated or vaccinated adults. Eculizumab complete-
ly blocked SBA for all of these isolates and all sera.
Blocking the alternative pathway with ACH-4471 had
minimal or no effect on SBA against both cn/ isolates and
two of the three test isolates with disrupted Y capsular
loci. Against the third isolate with a disrupted Y capsular
locus, SBA titers were <1:5 in the presence of ACH-4471
for five of the eight unvaccinated subjects and one of the
eight vaccinated subjects (Online Supplementary Figure
S3C, E and I).

The eighth NG test isolate (CH886), with a disrupted E
cps locus, was resistant to killing by sera from two of the
eight unvaccinated subjects in the absence of added
inhibitor (bacterial survival >50%; titers <1:5 ) (Figure 24,
subjects C and E). The isolate was killed by sera from all
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eight vaccinated subjects (Figure 2B, C). Eculizumab com-
pletely inhibited SBA for all sera, and ACH-4471 blocked
SBA of all six sera from unvaccinated subjects who had
uninhibited titers =1:5 (Figure 2A), and for three of the
eight sera from the vaccinated subjects (Figure 2B, C).

In the experiments described above, the dose of
eculizumab was 50 ug/mL and that of ACH-4471 was 1

pM, which in previous studies were sufficient to ensure
complete blockade of the classical and alternative path-
ways, respectively.” With the resistant CH886 isolate, a
5-fold lower concentration of eculizumab (10 ug/mL) also
completely blocked SBA of an unvaccinated serum pool
and three representative sera from vaccinated subjects
(Online Supplementary Figure S5A). In contrast, decreasing

Table 1. Summary of 12 non-groupable meningococcal case isolates from patients treated with eculizumab.!
CDC strain n./

Strain Tested Genogroup,

MLST! PorA  Neisseria NHba ID FHbp ID
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and case  year /diagnosis* for in silico from DNA (clonal complex) VR adhesionA (expression)’ (sub-family/
number SBA® sequences of cps loci’ (NadA) gene expression)*
[Accession ID number*] (expression)*

CH885 M21130/ Yes Null locus (cnl) 823 (198) 1179 Not found  p0010 (33X) 4 (BAIX)
Case 2 2010/PNH [SAMN10701617]
CH886 M22391/ Yes  E backbone: csef disrupted 60 (60) 152  Notfound p0024 (12X) 13 (B/15X)
Case 3 2010/NmO by insertion element®

[SAMN10701618]
CH893 M24108/ Yes Y backbone: internal stop 23 (23) 1.5-2,10-1 Not found ~ p0007 (15X) 25 (A22.5X)
Case 6 2011/PNH in csy [SAMN10701619]
CH89%4 M25167/ Yes Y backbone: csy disrupted by 5774 (23) 1.5-2,10-1 Not found  p0007 (15X) 25 (A2.4X)
Case 7 2012/aHUS insertion element”

[SAMNO09011371]
CH897 M41546/ Yes Y backbone: internal stop 23 (23) 1.5-2,10-1 Not found  p0007 (27X) 25 (M15X)
Case 8 2012/PNH in cssA [SAMN10701623]
CH878 M36639/ No®  E backbone cseB disrupted 1649 (1157) 1229 Incomplete p0010 (17X) 13 (B/8.9X)
Case 9 2014/PNH by insertion element® ORF

internal stop in cseG;
missing sce4 [SAMN09011504]

CH892 M38354/ Yes B backbone: phase variable 12476 (41/44)  1.18-1,34 Not found  p0002 (15X) 19 (A/71.1X)
Case 10 2015/PNH OFF in csb [SAMN09011534]
CH880 M29686/ No* C backbone, all essential 35 (35) 1.22-1,14 Not found  p0021 (9.9X) 16 (A/11X)
Case 11 2015/aHUS capsule genes intact

[SAMN10701620]
CH896 M41198/ Yes Null locus (cnl) 2578 (41/44) 1179 Notfound  p0002 (37X) 100 (BATX)
Case 13 2016/PNH [SAMN10701622]
CH891 M41162/ Yes  Bhbackbone: ctd truncated 409 (41/44)  1.18-1,34 Notfound  p0002 (30X) 19 (A/8.0X)
Case 16 2016/aHUS internal stop in ¢ssC

[SAMN10701621]
CH900 M45193/ No Null locus (cn/) 34 (32) 119,15 L1(10X)  p0020 (23X) 1 (B37X)
Case 17 2018/PNH [SAMN10701624]
CHY01 M47708/ No E backbone: cseA 12475 (1157)  1.22,9-13 Incomplete  p0010 (13X) 13 (B/29X)
Case 18 2018/PNH disrupted by insertion ORF

element 1301, internal
stops in cseB, cseG;
missing cse4 [SAMN10701625]

'0f 17 cases with clinical samples (n=1) or isolates (n=16) submitted to the Centers for Disease Control and Prevention (CDC), four isolates were confirmed to be serogroup
Y [cases 1 (2008),5 (2011),12 (2015) and 15 (2017)] (Online Supplementary Table ST),and 13 were non-groupable (NG) including case 14 confirmed by polymerase chain
reaction of a clinical sample in the absence of an available isolate.The 12 NG cases with available isolates are included in this table.’Serum bactericidal activity (SBA) was
not measured for four of the 12 available NG isolates (cases 17 and 18 reported to the CDC in 2018,and cases 9 and 11 because of auto-agglutination). *The whole genome
sequencing read data can be found under BioProject PRINA513307 (https://www.ncbi.nlm.nih.gov/bioproject/PRINA513307). 'MLST: multilocus sequence type; '"PorA
variable region sequence type inferred from amino acid sequences of variable regions VR1 and VR2, respectively; NadA, Neisserial adhesin A; NHba (Neisserial heparin
binding antigen) and FHbp (factor H binding protein) identification numbers are described on the public website https://pubmist.org/neisserial "Expression was meas-
ured by flow cytometry Data are expressed as a ratio (X-fold) of binding with the specific antiserum to that of the negative control antiserum (Online Supplementary Figure
52).All isolates had undetectable NadA (s1X-fold) except for CHI00 (Online Supplementary Figure S2). PNH, paroxysmal nocturnal hemoglobinuria; NmO, neuromyelitis
optica; aHUS, atypical hemolytic uremic syndrome.
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Figure 1. Effect of complement inhibitors on serum bactericidal activity measured against a control encapsulated serogroup B strain (H44/76) and two non-
groupable isolates with disrupted or phase variable “off” B capsular loci. All sera were diluted 1:5 and assayed with internal (endogenous) complement. The
horizontal line indicates 50% survival of bacteria after incubation for 60 min. Sera with <50% bacterial survival have serum bactericidal activity (SBA) titers
>1:5. Blue bars, test sera with no added inhibitor; orange bars, test sera with 50 ug/mL eculizumab; gray bars, test sera with 1 uM ACH-4471. (A-C) Adults not
vaccinated with a serogroup B vaccine (subject 9010 represents a pre-immunization serum). (D-F) Adults vaccinated with MenB-4C (subject 9010 is a post-vac-
cination serum). (G-l) Adults vaccinated with MenB-FHbp. The encapsulated H44/76 strain [hypervirulent clonal complex (CC) 32] expressed FHbp sub-family
B (present in both MenB vaccines). The non-groupable CH891 and CH892 isolates were both from CC41/44 and both expressed NHba (present in MenB-4C)
and FHbp subfamily A (present in MenB-FHbp). Data for each isolate are from two to four replicates. NG: non-groupable; SEM: standard error of mean.

the concentration of ACH-4471 to 0.5 uM or 0.25 uM
resulted in less inhibition of SBA than did 1 uM ACH-
4471 for two of the three vaccinated sera (Omnline
Supplementary Figure S5B). However, even the lowest
ACH-4471 concentration tested, 0.25 uM, completely
inhibited SBA of the unvaccinated serum pool (Online
Supplementary Figure S5B), highlighting the importance of
the alternative pathway for SBA by unvaccinated sera.

While titers =1:4 with human complement are consid-
ered protective against developing meningococcal dis-
ease,"” titers <1:4 do not necessarily imply susceptibility."
We therefore tested a 1:2.5 dilution of the six unvaccinat-
ed and three vaccinated sera for which SBA at 1:5 dilu-
tion against isolate CH886 was inhibited by 1 wM ACH-
4471. For this experiment we used 2 uM ACH-4471 to
maintain the same ratio of ACH-4471 to internal comple-
ment. In the 1:2.5 dilution of sera from the six unvacci-
nated subjects,
2 WM ACH-4471 still blocked SBA (Figure 2D). However,
all three vaccinated subjects with SBA blocked with 1 uM
ACH-4471 at a serum dilution of 1:5 had SBA at the 1:2.5
dilution in the presence of 2 WM ACH-4471 (<50% bac-
terial survival) (Figure 2E). This result suggests that the
higher concentration of anti-meningococcal antibodies at
the lower serum dilution was sufficient for SBA in the
absence of alternative pathway amplification.

In the USA a large majority of cases of invasive
meningococcal disease in immunocompetent people are
caused by encapsulated serogroup B, C, W, or Y strains.’
A striking finding among the eculizumab-treated patients
in this study was that 76% of the cases were caused by
N G
meningococci (Online Supplementary Table S1). NG
meningococci are most commonly commensals of the
nasopharynx' and rarely cause invasive disease. In the
present investigation, seven of the eight NG isolates test-
ed were killed by sera from all eight unvaccinated adults,
suggesting that these NG isolates would be unlikely to
cause invasive disease in immunocompetent adults
regardless of meningococcal vaccination status.

When serum anti-meningococcal antibody titers are
high, SBA can occur via the classical pathway alone
(Online Supplementary Figure S1). The alternative pathway
is needed primarily when the amount of classical path-
way activation does not elicit sufficient C3b deposition
on the bacteria to form a functional membrane attack
complex.” Our results suggest that vaccine-induced
serum antibody levels were sufficient for SBA by the clas-
sical pathway alone for the six of the eight test isolates
for which SBA in vaccinated sera was not inhibited by
ACH-4471. The remaining two NG isolates required the
alternative pathway for SBA in sera from one to three
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Figure 2. Effect of complement inhibitors on serum bactericidal activity measured against non-groupable isolate CH886 with CC60 and a disrupted E cap-
sular locus. (A-E) Without added inhibitor, two of eight unvaccinated subjects (subjects C and E) had titers <1:5 (bacterial survival >50% after 1 h incubation)
(blue bars in panel A) compared to none of eight vaccinated subjects (blue bars in panels B and C). (D,E) Among the six unvaccinated subjects with titers >1:5
without inhibitor, serum bactericidal activity (SBA) at 1:5 dilution was inhibited (bacterial survival >50%) by 1 uM ACH-4471 (gray bars in panels A and D) or at
a 1:2.5 serum dilution by 2 uM ACH-4471 (teal bars in panel D). Among the eight vaccinated subjects, the addition of 1 uM ACH-4471 inhibited SBA at a dilution
of 1:5 for three of eight vaccinated subjects (black bars in panels B and C; gray bars in panel E) but all three sera had SBA when retested at a 1:2.5 dilution in
the presence of 2 uM ACH-4471 (bacterial surival <50%; teal bars in panel E). With eculizumab, SBA titers were <1:5 or <1:2.5 for all unvaccinated or vaccinated
sera tested at both dilutions (bacterial survival >50%, orange bars). (A-C) Data from two to four replicate assays using 50 pug/mL of eculizumab and 1 yM ACH-
4471. (D, E) Data are representative of two assays, each performed in duplicate with 1 uM ACH-4471 for sera tested at 1:5, 2 uM ACH-4471 for sera tested at
1:2.5 (see text), and 50 ug/mL of eculizumab for sera assayed at 1:2.5. NG: non-groupable; SEM: standard error of mean.

vaccinated donors (Ouline Supplementary Table S2).

Protection against meningococcal disease may also be
conferred by opsonophagocytic bacterial killing,' which
does not require an intact terminal complement pathway
(Online Supplementary Figure S1). In previous studies,
however, inhibiting cleavage of C5 to C5a and C5b by
eculizumab, and thereby inhibiting both the terminal
complement pathway and release of the pro-inflammato-
ry peptide CSa, completely blocked whole blood
opsonophagocytic/bactericidal activity of encapsulated
serogroup B or C meningococcal strains.” In contrast,
when the terminal complement pathway was blocked at
C7, which did not affect C5a release, SBA was blocked
but c;psonophagocytic killing was minimally or not inhib-
ited.>”

Our results with NG strains from patients treated with
eculizumab who developed meningococcal disease,
along with our previously published data regarding
encapsulated strains,” suggest that therapeutic agents that
selectively block the alternative pathway would be
expected to result in less impairment of immunity to
meningococcal disease than does eculizumab, particular-
ly after meningococcal vaccination. The highest likeli-
hood of meningococcal disease among recipients of alter-
native pathway inhibitors would be expected when
serum antibody titers wane and the alternative pathway

is required for classical pathway amplification to achieve
SBA and/or opsonophagocytic activity (amplification
loop, Online Supplementary Figure S1). Thus, it will be
important to monitor patients receiving alternative path-
way inhibitors during clinical trials and after licensure to
ensure that these patients are optimally protected from
meningococcal disease.
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