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Abstract

Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired hematopoietic
stem cell disorder characterized by complement-mediated hemolysis and
thrombosis, and bone marrow failure. Affected cells harbor somatic mutation
in  X-linked PIGA gene, essential for the 1initial step in
glycosylphosphatidylinositol (GPI) biosynthesis. Loss of GPI biosynthesis
results in defective cell-surface expression of GPI-anchored complement
regulators CD59 and DAF. The affected stem cells generate many abnormal
blood cells after clonal expansion, which occurs under bone marrow failure.
Here, we report the mechanistic basis of a disease entity,
autoinflammation-paroxysmal nocturnal hemoglobinuria (AIF-PNH), caused
by germline mutation plus somatic loss of PIGT on chromosome 20q. A
region containing maternally imprinted genes implicated in clonal expansion
in 20q- myeloproliferative syndromes was lost together with normal PIGT
from paternal chromosome 20. Taking these findings together with a lack of
bone marrow failure, the mechanisms of clonal expansion in AIF-PNH
appear to differ from those in PNH. AIF-PNH 1is characterized by
intravascular hemolysis and recurrent autoinflammation, such as urticaria,
arthralgia, fever and aseptic meningitis. Consistent with PIGT’s essential
role in synthesized GPI's attachment to precursor proteins,
non-protein-linked free GPIs appeared on the surface of PIGT-defective cells.
PIGT-defective THP-1 cells accumulated higher levels of C3 fragments and
C5b-9 complexes, and secreted more IL-18 than PIGA-defective cells after
activation of the complement alternative pathway. IL-1B secretion was
dependent upon C5b-9 complexes, accounting for the effectiveness of the
anti-C5 drug eculizumab for both intravascular hemolysis and
autoinflammation. These results suggest that free GPIs enhance

complement activation and inflammasome-mediated IL-1p secretion.
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Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired hematopoietic
stem cell (HSC) disorder characterized by complement-mediated hemolysis,
thrombosis and bone marrow failure (1, 2). Affected cells harbor a somatic
mutation in the PIGA gene, essential for the initial step in
glycosylphosphatidylinositol (GPI) biosynthesis that occurs in the
endoplasmic reticulum (ER)(Figure 1A(a)) (3). Loss of GPI biosynthesis
results in the defective expression of GPI-anchored proteins (GPI-APs)
including complement inhibitors CD59 and DAF/CD55 (Figure 1A(b)). The
affected stem cells generate large numbers of abnormal blood cells after
clonal expansion that occurs under bone marrow failure. The affected
erythrocytes are defective in complement regulation and destroyed by the
membrane attack complex (MAC or C5b-9) upon complement activation (1).
Eculizumab, an anti-complement component 5 (C5) monoclonal antibody
(mADb), has been used to prevent intravascular hemolysis and thrombosis (4,
5). Eculizumab binds to C5 and inhibits its activation and subsequent

generation of C5b-9 complexes.

Among more than 20 genes involved in GPI biosynthesis and transfer to
proteins, PIGA is X-linked whereas all others are autosomal (6). Because of
X-linkage, one somatic mutation in PI/GA causes GPI deficiency in both
males and females (3). In contrast, two mutations are required for an
autosomal gene, but the probability of somatic mutations in both alleles at
the same locus is extremely low, which explains why GPI deficiency in most
patients with PNH is caused by PIGA somatic mutations. Recently, we
reported two patients with PNH whose GPI-AP deficiency was caused by
germline and somatic mutations in the PI/GT gene localized on chromosome
20q (7, 8). Both patients had a heterozygous germline loss-of-function
mutation in PIG7, along with loss of the normal allele of PIGT by a deletion
of 8 or 18 Mb occurring in HSCs (7, 8). PIGT, forming a GPI transamidase
complex with PIGK, PIGS, PIGU and GPAA1, acts in the transfer of
preassembled GPI to proteins in the ER (Figure 1A(a)) (9). In PIGT defective

cells, GPI is synthesized but is not transferred to precursor proteins,
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resulting in GPI-AP deficiency on the cell surface (Figure 1A(c)). We showed
recently that non-protein-linked, free GPI remaining in the ER of
PIGT defective Chinese hamster ovary (CHO) cells is transported to and
displayed on the cell surface (Figure 1A(c)) (10).

Two reported PNH patients with PIGT defect suffered from recurrent
inflammatory symptoms that are unusual in patients with PNH (7, 8). Here,
we report two more patients with PNH who lost PIGT function via a similar
genetic mechanism, and present insights into the expansion of
PIGT defective clones common among four patients. We also present
integrated clinical characteristics of these four patients and show that
PIGT defective  mononuclear leukocytes, but not PIGA-defective
mononuclear leukocytes, secreted ILIB in response to inflammasome
activators. Using a PIGT'knockout THP-1 cell model, we show that
complement activation is enhanced on the surface of PIGT defective cells
leading to MAC-dependent elevated secretion of IL1B. Against this
background, we propose a distinct disease entity,

autoinflammation-paroxysmal nocturnal hemoglobinuria (AIF-PNH).
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Results

Case Report

Japanese patient J1 (8) and German patients G1 (7), G2, and G3 were
diagnosed with PNH at the ages of 68, 49, 65, and 66, respectively. The
changes in PNH clone sizes in J1, G1 and G3 after PNH diagnosis are shown
in Figure 1B. They were treated with eculizumab, which effectively
prevented intravascular hemolysis. We reported that in G1, direct Coombs
test positive erythrocytes appeared after commencement of eculizumab
treatment, suggesting extravascular hemolysis (7). Blood cell counts for G1
and G3 are shown in Figure S1A. Before the diagnosis of PNH, J1, G1 and
G3 had suffered inflammatory symptoms including urticaria, arthralgia and
fever from the ages of 30, 26, and 48, respectively (Table 1). Urticaria in J1
was associated with neutrophil infiltration (8) and that in G3 with a mixed
inflammatory infiltrate (Figure 1C). J1 (8) and G3 suffered from recurrent
aseptic meningitis characterized by an abundance of neutrophils in
cerebrospinal fluid. Following the initiation of eculizumab treatment for
hemolysis 3—5 years previously, J1 and G3 had not suffered any episodes of
meningitis (Figure 1D). Urticaria and arthralgia were also ameliorated in all
three by eculizumab treatment. G2 had severe arteriosclerosis, which might
be related to autoinflammation (Table 1), however, whether G2 had
autoinflammatory symptoms is unclear and could not be confirmed because

the patient passed away.

Genetic basis of GPI-AP deficiency

Four patients did not have PIGA somatic mutations but had a germline
mutation in one allele of PIGT located on chromosome 20q: J1, NM_015937
(8): ¢.250G>T; G1, ¢.1401-2A>G (7); G2, c.761_764delGAAA; and GS3,
c.197delA (Figure S2A). These cause E84X, exon 11 skipping, frameshift
after G254, and frameshift after Y66, respectively. The functional activities
of variant PIGT found in J1 and G1 were reported to be very low (7, 11).
Variants in G2 and G3 causing frameshifts should also be severely
deleterious to PIGT function. In addition to the germline P/G7T mutation, all
four had in the other allele a somatic deletion of 8-18 Mb, which includes the
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entire PIGT gene (Figure S2B) (7, 8). Therefore, in contrast to GPI-AP
deficiency caused by a single P/GA somatic mutation in PNH, GPI-AP
deficiency in all four is caused by a combination of germline loss-of-function
PIGT mutation and somatic loss of the whole of normal PIGT in

hematopoietic stem cells (Figure 2A).

A possible mechanism of clonal expansion in AIF-PNH

Deletion of chromosome 20q represents the most common chromosomal
abnormality associated with myeloproliferative disorders. The deleted region
of 8-18 Mb included a “myeloid common deleted region” (CDR) (12) (Figure
2A). A fraction (approximately 10%) of patients with myeloproliferative
neoplasm (MPN) such as polycythemia vera commonly have a deletion of 2.7
Mb in chromosome 20q (12). Moreover, a fraction (approximately 4%) of
patients with myelodysplastic syndrome (MDS) also have a deletion of 2.6
Mb in this region (12). The CDR region shared by MPN and MDS spanning
approximately 1.9 Mb has been called “myeloid CDR” (Figure 2B) and its loss
was shown to be causally related to clonal expansion of the affected myeloid
cells in these 20q~ syndromes (13). In contrast to previous cytogenetic
analysis on classical PNH cases that showed no aberrations in 20q (14, 15),
one allele of the myeloid CDR was lost in PNH cells of all four patients
(Figure S2B) (7, 8).

The tumor suppressor-like gene L3MBTLI and the kinase gene SGKZ2
located within the myeloid CDR (Figure 2A,B) are expressed only in the
paternal allele due to gene imprinting (16). It was shown that losses of active
paternal alleles of these two genes had a causal relationship with clonal
expansion of these 20q~ myeloid cells (13). LESMBTLI and SGKZ2 transcripts
were undetectable in GPI-AP-defective granulocytes from J1 and extremely
low in whole blood cells from G1, whereas they were found in granulocytes
from healthy individuals (Figure 2C). The transcripts of two unimprinted
genes, IFT52 and MYBLZ were detected in both GPI-AP-defective
granulocytes from J1 and normal granulocytes (Figure 2C, top). The results
therefore indicate that the expression of L3MBTLI and SGKZ is lost in


https://doi.org/10.1101/635573

bioRxiv preprint doi: https://doi.org/10.1101/635573; this version posted May 13, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

GPI-AP-defective cells in J1 and G1.

The results shown in Figure 2C also indicate that the somatically deleted
region in J1 and G1 included active L3MBTLI and SGKZ, so it was in the
paternal chromosome. Owing to mRNA from patients G2 and G3 not being
available, we determined the methylation status of the L3MBTL1 gene using
DNA from blood leukocytes, among which the large majority of cells were of
the PNH phenotype. L3MBTLI1 in G1 and G3 samples was hypermethylated
(Figure 2D and Figure S3A), indicating that the myeloid CDR allele
remaining in their PNH clones was imprinted. In contrast, the G2 sample
was hypomethylated. It was reported that, in some MPN patients with
myeloid CDR deletion, the remaining allele was hypomethylated;
nevertheless, its transcription was suppressed (13). G2 might be in a similar
situation, although it was not possible to draw a definitive conclusion on this
by RT-PCR analysis as the patient had passed away. These results indicate
that the loss of expressed myeloid CDR allele is associated with clonal
expansion of PIGT defective cells similar to 20g— MPN and MDS.

Appearance of free GPI on the surface of PIGT defective cells

PIGA is required for the first step in GPI biosynthesis (17); therefore, no GPI
intermediate is generated in PIGA-defective cells (Figure 1A(b)). PIGT is
involved in the attachment of GPI to proteins. GPI is synthesized in the ER,
but is not used as a protein anchor in PIGT defective cells (Figure 1A(c)). We
used T5 mADb that recognizes free GPI, but not protein-bound GPI, as a probe
to characterize free GPI (Figure 3A: see Methods for epitope and other
characteristics of this antibody)(18, 19). Using T5 mAb in western blotting
and flow cytometry, we first compared PIGT defective CHO cells with
PIGL-defective CHO cells, in which an early GPI biosynthetic step is
defective, like in PIGA-defective cells. T5 mAb revealed a strong band of free
GPI at a position corresponding to approximately 10 kDa in lysates of
PIGT defective cells but not of PIGL-defective cells (Figure 3B). DAF and
CD59 were not detected in either mutant cell, confirming that

un-GPI-anchored precursor proteins were degraded (Figure 3B) (20). T5 mAb
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stained the surface of PIGT defective CHO cells but not PIGL-defective cells,
confirming that free GPI transported to the cell surface is detectable by T5
mADb (Figure 3C).

We then analyzed blood cells from J1, G1, and G3, and from patients with
PIGA-PNH by flow cytometry. All four patients had PNH-type blood cells
defective in various GPI-APs (Figures 3SD—F and S4A, B). Erythrocytes from
J1, G1, and G3 contained 3%, 84%, and 60% PNH cells, respectively, and a
sizable fraction of them (36%, 87%, and 87%, respectively) were stained by
T5 mAb (Figure 3D). J1 had PNH cells in granulocytes (81%), monocytes
(87%), and B-lymphocytes (54%), but not T-lymphocytes (<2%), as revealed
by anti-CD59 and GPI-binding probe fluorescence-labeled nonlytic aerolysin
(FLAER). Affected monocytes and B-lymphocytes were strongly stained by
T5 mAb, whereas affected granulocytes were weakly but clearly stained
(Figures 3E and S4B). Normal populations in granulocytes, monocytes and
B-lymphocytes were not stained by T5 mAb (Figure 3E). Similar results,
showing strong T5 staining of affected monocytes and granulocytes, were
obtained with leukocytes from G1 and G3 (Figure 3F). In contrast, PNH cells
from PIGA-PNH patients and cells from healthy individuals were not
positively stained by T5 mAb (Figure 3E, F). Small fractions of wild-type
erythrocytes from J1, G1, and G3 (0.13%, 9.7%, and 9.5%, respectively) were
positively stained by T5 mAb (Figure 3D). Free GPI might be transferred
from PNH cells to wild-type erythrocytes in vivo (21, 22), although the exact
mechanism involved needs to be clarified. Thus, the surface expression of the
T5 mAb epitope 1s specific for PIGT defective cells and T5 mAb is useful to
diagnose AIF-PNH.

We next investigated whether GPI-AP-defective clone was present in the
stage only with autoinflammation. After determining the break points
causing the deletion of 18 Mb in J1 (Figure S5), we quantitatively analyzed
blood DNA samples for the presence of the break. It was estimated that
approximately 3% of total leukocytes obtained 4 months before the onset of

recurrent hemolysis had the break, that is, were GPI-AP-defective cells
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(Figure 3G).

Inflammasome- and complement-mediated autoinflammation, a feature of
AIF-PNH

IL18 levels were elevated in serum samples taken from J1 before and after
the commencement of eculizumab therapy (Table 2), suggesting a
complement-independent phenomenon. Serum amyloid A was also elevated
before eculizumab therapy, but was within the normal range after the
commencement of eculizumab therapy (Table 2), suggesting that the
elevation was complement-dependent. In G3, increased levels of soluble IL2
receptor and thymidine kinase before, but not after, the start of eculizumab
therapy suggested autoinflammation (Table 2). Serum amyloid A (up to 10.5
ug/ml; normal range <5 pg/ml) was also elevated. Combination therapies of
prednisolone with anakinra, an IL1 receptor antagonist, or canakinumab, a
mAb against IL1B, were effective at reducing urticaria (but not arthralgia
and meningitis episodes) of G3. In G1, the IL18 level was above the normal
range during eculizumab therapy (195 pg/ml; normal range <150 pg/ml).
These lines of evidence suggest that autoinflammatory symptoms are
associated with inflammasome activation. We also measured IL18, serum
amyloid A, and lactate dehydrogenase (LDH) in serum samples from four
patients with PIGA-PNH who were not undergoing eculizumab therapy. The
levels of IL18 (263—443 pg/ml; normal range <211 pg/ml) and serum amyloid
A (5.0-8.3 pg/ml) were within or slightly higher than the normal ranges,
whereas LDH levels were markedly elevated (Table 2). These results suggest
that autoinflammation is a feature of AIF-PNH.

We next compared mononuclear cells from J1, patients with PIGA-PNH, and
healthy  donors for IL1B  production wupon  stimulation by
NLRP3-inflammasome activators (23). Cells from three PIGA-PNH patients
secreted only very low levels of IL1p after stimulation by PamsCSK4 (TLR2
ligand) and ATP or monosodium urate (MSU) (Figure 4A right and 4B). In
contrast, cells from J1 secreted 45—60 times as much IL1p and the levels

were even higher than those from healthy control cells (Figure 4A left and
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4B). A similar difference between PIGT- and PIGA-defective cells was seen
upon stimulation by lipoteichoic acid (LTA: another TLR2 ligand) and ATP or
MSU (Figure 4B). Low IL1B response of PIGA-defective cells was predicted
because they lack CD14, a GPI-anchored co-receptor of TLRs. However,
PIGT-defective cells also lacking CD14 showed a strong IL1 response. These
results indicate that NLRP3 inflammasomes are easily activated and
support the idea that the presence of non-protein-linked free GPI 1is
associated with efficient activation of NLRP3 inflammasomes, contributing

to autoinflammatory symptoms in AIF-PNH.

To investigate the roles of complement in inflammasome activation in
AIF-PNH, we switched to a model cell system because patients’ blood cells
were easily damaged in vitro under conditions of complement activation.
PIGTKO and PIGAKO cells were generated from human monocytic THP-1
cells (Figure S6A) and were differentiated to macrophages. They showed
IL1B response comparable to those of authentic inflammasome activators
(Figure S6B). To analyze the inflammasome response to activated
complement, these THP-1-derived macrophages were stimulated with
acidified serum (AS), which causes activation of the alternative complement
pathway. PIGTKO and PIGAKO cells but not WT cells secreted IL1B
(1221.8+91.6, 568.2+101 and 23.7+2.2 pg/ml for PIGTKO, PIGAKO, and WT
cells, respectively) (Figure 5A). This result is consistent with impaired
complement regulatory activities on PIGTKO and PIGAKO cells, and normal
complement regulatory activity on WT cells. PIGTKO cells secreted
approximately twice as much IL1B as PIGAKO cells (p<0.01). However, IL1B
production returned to near the WT cell level after the transfection of PIGT
and PIGA cDNAs into PIGTKO and PIGAKO cells, respectively (Figure 5B).
The levels of IL1p mRNA and protein were comparable in WT, PIGTKO, and
PIGAKO cells (Figure S7A and S7B). Therefore, PIGT KO enhanced the

secretion but not the generation of IL1f.

Heat inactivation of complement and the addition of anti-C5 mAb to AS

almost completely inhibited IL1B secretion (Figure 5A). These results
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indicate that IL1p secretion requires the activation of C5 on PIGTKO and
PIGAKO cells. The activation of C5 leads to two biologically active products,
C5a and MAC (24). To address which of these is important for IL1p secretion,
cells were treated with the C5aR antagonist W-54011 (25) or anti-C5aR mAb
to inhibit the signal transduction through C5aR. WT, PIGTKO, and PIGAKO
cells expressed C5aR at similar levels (Figure S7C). The two methods of
functional inhibition of C5aR had little effect on IL1p secretion, indicating
that the signal through C5aR plays no major role in this cell system (Figure
5C). Next, AS-treated cells were analyzed for surface binding of C3b
fragments and MAC. Exposure to AS resulted in the higher binding of C3b
fragments and MAC on PIGTKO cells compared with that on PIGAKO cells
(Figures 5D and S8A, B). The level of MAC was several times higher on
PIGTKO cells than on PIGAKO cells, suggesting that complement activation
was enhanced, leading to the enhanced formation of MAC on PIGTKO cells.
To confirm the role of MAC in IL1pB secretion, PIGTKO cells were treated
with acidified C6- and C7-depleted sera, in which C5a generation is intact
whereas MAC formation is impaired. IL1p secretion was greatly reduced by
C6 or C7 depletion and was restored by the replenishment of C6 or C7
(Figure 5E). These results suggest that MAC but not C5a plays a critical role
in the secretion of IL1f. It is also suggested that free GPI plays some role in
complement activation, leading to the enhanced binding of C3b fragments
and MAC formation.

Finally, to determine whether the structure of free GPI (presence or absence
of Gal capping) affects complement activation and subsequent IL1p secretion,
we knocked out SLC35A2 in PIGTKO THP-1 cells. PIGT-SLC35A2
double-KO THP-1 cells were strongly stained by T5 mAb as expected (Figure
S6C). The binding of both C3b fragments and MAC increased approximately
five times after SLC35A2 KO (Figure 5F). Concomitantly, the secretion of
IL1B more than doubled (Figure 5G). These results indicate that the
structure of free GPI influenced complement activation efficiency and

subsequent IL1p secretion.
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Discussion

We studied patients with PNH caused by PIGT mutations and propose that
they represent a new disease entity, AIF-PNH. AIF-PNH caused by PIGT
mutation is distinct from PNH in four regards. First, GPI-AP deficiency in
PNH is caused by somatic mutation of the X-linked PIGA gene in
hematopoietic stem cells, whereas GPI-AP deficiency in AIF-PNH is caused
by a germline heterozygous mutation in the P/G7 gene on chromosome 20q
in combination with somatic deletion of the normal PIGT gene in

hematopoietic stem cells.

Second, PIGA mutations cause a defect in the initial step in GPI biosynthesis,
whereas PIGT mutations cause a defect in the transfer of preassembled GPI
to proteins. Therefore, free GPI remains in P/IG7T defective cells, but not in
PIGA-defective ones.

Third, the expansion of PIGA-defective clones in PNH is often caused by
selective survival under autoimmune bone marrow failure with or without
the acquisition of benign tumor characteristics by additional somatic
mutations (26-29). In contrast, none of the patients with AIF-PNH had
documented bone marrow failure (Figure S1A) (7, 8). In addition, the
myeloid CDR is lost in PIGT defective clones in AIF-PNH, similar to the case
in clonal cells in myeloproliferative 20q— syndromes. The causal relationship
between the myeloid CDR loss in AIF-PNH and clonal expansion needs to be
proven, particularly because boosted lineages under L3SMBTL1 and SGK2
loss differ between in vitro study (13) and AIF-PNH patients. Nevertheless,
this unique deletion occurs in AIF-PNH but not in PIGA-PNH. Taking these
findings together, it is likely that the mechanism of clonal expansion for
AIF-PNH is distinct from that for PIGA-PNH cells (see models in Figure
S3B).

Fourth, whereas AIF-PNH shares intravascular hemolysis and thrombosis
with PNH, AIF-PNH is characterized by autoinflammatory symptoms

including recurrent urticaria, arthralgia and aseptic meningitis. AIF-PNH
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first manifested with autoinflammatory symptoms alone and symptoms of
PNH became apparent many years later. It is possible that different clinical
symptoms appear depending on the size of the PIGT defective clone. When
the clone size is small, autoinflammation but not PNH may occur and, when
the clone size becomes sufficiently large, PNH may become apparent. The
idea that the PIG7T defective clone is small when only autoinflammation is
seen was supported by analyzing J1 DNA obtained before the start of
recurrent hemolysis, only approximately 3% of total leukocytes being
PIGT defective (Figure 3G).

C5 activation must be involved in the autoinflammatory symptoms in
AIF-PNH because they were suppressed by eculizumab. It is important to
consider GPI-AP deficiency for patients with recurrent autoinflammatory
symptoms such as aseptic meningitis even when PNH symptoms are absent
because eculizumab may be effective for such cases. Because DAF and CD59
are missing on P/IGT defective monocytes, C5a and MAC might be generated
once complement activation has been initiated. It was reported that
subarachnoidal application of Cba in rabbits and rats induced acute
experimental meningitis (30). Various types of myeloid cells are present in
the central nervous system (reviewed in (31)). If C5 activation occurs on
some of those cells lacking complement regulatory function and Cbha is

generated, aseptic meningitis might ensue.

The involvement of complement in inflammasome activation has been shown
in various blood cell systems (32-35). Indeed, in the THP-1 cell model system,
IL1B secretion was induced by complement in both PIGTKO and PIGAKO
cells and more strongly in PIGTKO cells, mainly through MAC formation. It
appeared that complement activation is enhanced in PIGTKO cells, although
the mechanism involved in this is unclear. AIF-PNH mononuclear cells were
activated by conventional stimulators of inflammasomes similar to or even
stronger than healthy control cells. Because blood mononuclear cells were
easily lysed by acidified serum, the effect of complement on inflammasome

activation in mononuclear cells could not be addressed. Taking the obtained
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findings together with the results for THP-1 cells, we speculate that
PIGT deficient monocytes show an enhanced inflammasome response when
complement is activated. How free GPI i1s involved in inflammasome and
complement activation needs to be clarified to fully understand the
mechanistic basis of AIF-PNH.

Inflammatory symptoms, recurrent urticaria, arthralgia, fever, and
especially meningitis seen in AIF-PNH are shared by children with
cryopyrinopathies or cryopyrin-associated periodic syndrome (reviewed by
Neven et al (36)). Cryopyrinopathies are caused by gain-of-function mutation
in NLRP3 that leads to easy activation of NLRP3 inflammasomes in
monocytes and autoinflammatory symptoms (36), further suggesting that
inflammasomes are activated in monocytes from AIF-PNH patients. It was
reported that autoinflammation occurs in patients having mosaicism with
NLRP3-mutant cells even when the mutant clone size is small (frequency of
mutant allele in whole blood cells being 4.3% to 6.5%) (37). This is relevant to

the symptoms/clone size relationship in AIF-PNH as discussed above.

PIGU is an essential component of GPI transamidase, forming a protein
complex with PIGT, PIGS, PIGK, and GPAA1l (Figure 1A) (38).
PIGU-defective cells do not express GPI-APs on their surface (38). The PIGU
gene is localized at approximately 7.4 Mb centromeric to the myeloid CDR
(Figure 2A and 2B), and regions of somatic deletions of 18 and 12 Mb in
GPI-AP-defective cells from J1 and G2, respectively, included the entire
PIGU gene as well as myeloid CDR and PIGT gene. The levels of PIGU
protein in these cells would be around half of the normal levels. It appears
unlikely that the 50% reduction in PIGU has a significant impact on these
cells. The levels of PIGT protein in the same cells would be zero or very low
because mutations in the remaining P/GT gene are a nonsense mutation
(E84X) in J1 and a frameshift mutation (frameshift after G254) in G2. For
any remaining PIGT protein, half of the normal amounts of PIGU protein
would be excessive for making the GPI transamidase complex. However, it is

conceivable that, if a similar somatic deletion including PIGU and myeloid
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CDR occurs in a hematopoietic stem cell of an individual who bears a
germline PIGU loss-of-function mutation, AIF-PNH caused by PIGU

mutation might occur.

Germline PIGT mutations were reported in patients with IGD (Table S2),
which is characterized by developmental delay, seizures, hypotonia, and
typical facial dysmorphism (11, 39-43). Inflammatory symptoms and
intravascular hemolysis were not reported in IGD patients with PIGT
mutations. They had either partial loss-of-function homozygous mutations
(families 1, 4, and 6), or combinations of a partial loss-of-function mutation
and a null or nearly null mutation (families 2, 3, 5, and 7). Therefore, cells
from the patients with IGD have only partially reduced PIGT activities and
express only partially reduced levels of CD59 and DAF/CD55, and may have
free GPI only to a small extent. In contrast, both germline and somatic
mutants in AIF-PNH were functionally null or nearly null (Table 1).
Therefore, the affected cells from AIF-PNH patients lost CD59 and
DAF/CD55 severely or completely and had high levels of free GPI.
Interestingly, the same mutation ¢.250G>T (p.E84X) was found in J1 and
two Japanese patients with IGD (11, 43) who were not related to each other.
AIF-PNH patient J1 and mothers of two IGD patients from families 2 and 7
had the same heterozygous non-sense PIGT mutation (Table S2). These
mothers were healthy and no inflammatory symptoms were reported for
them (11, 43), suggesting that autoinflammation of J1 was not caused by
haploinsufficiency but was initiated after the somatic loss of the other PIGT
copy occurred. In addition, the reported allele frequency of this variant PIGT
in the East Asian population is 0.0002316, suggesting that 55,000 Japanese
may have this variant (44). Although inheritance of the germline PIGT
mutations in AIF-PNH patients is not formally proven because DNA samples
were not available from their families, it is highly likely that J1 inherited the
PIGT variant from his mother.

FLAER is a fluorescent non-lytic variant of aerolysin (45) and is conveniently
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used to stain cell-surface GPI-APs and to determine the affected cells in
patients with PNH (45, 46). Aerolysin specifically binds to the GPI moiety of
some but not all GPI-APs, and requires simultaneous association with
N-glycan for high-affinity binding (47-49). Our results with AIF-PNH cells
(Figure 3E, F) indicate that FLAER binds to protein-bound GPI but not to
free GPIL.
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Materials and Methods

Blood samples and flow cytometry

Peripheral blood samples were obtained from patients J1 (8), G1 (7), G2 and
G3 with AIF-PNH, and six patients with PNH after informed consent.
Peripheral blood leukocytes (Figure S1B), erythrocytes and reticulocytes
were stained for GPI-APs. T5-4E10 mAb (T5 mAb) against free GPI of
Toxoplasma gondii was a gift from Dr. J. F. Dubremetz (18). T5 mAb
recognizes mammalian free GPI bearing N-acetylgalactosamine (GalNAc)
side-chain linked to the first mannose (Figure 3A)(19). T5 mAb does not bind
to free GPI when galactose (Gal) is attached to GalNAc. Therefore, reactivity
of T5 mAb to free GPI is affected by an expression level of Gal transferase
that attaches Gal to the GalNAc. Cells were analyzed by a flow cytometer
(MACSQuant Analyzer VYB or FACSCalibur) and FlowdJo software.

DNA and ENA analyses

Granulocytes with PNH phenotype were separated from normal
granulocytes by cell sorting after staining by FLAER. DNA was analyzed for
mutations in genes involved in GPI-AP biosynthesis by target exome
sequencing, followed by confirmation by Sanger sequencing (7). DNA was
also analyzed by array comparative genomic hybridization for deletion (7).
Methylation status of CpG was determined by bisulfite sequencing and a
SNuPE assay (13). Total RNA was extracted with the RNeasy Mini Kit
(Qiagen) including DNase digestion and DNA cleanup, and reverse
transcription was performed with the SuperScript VILO ¢cDNA Synthesis Kit
(Invitrogen). Levels of L3MBTL1, SGK2, IFT52, MYBLZ2, ABL and GAPDH
mRNAs were analyzed by quantitative real-time PCR (Table S1).

Cell Iines

PIGT defective CHO cells and PIGL-defective CHO cells were reported
previously (11, 50). CRISPR/Cas 9 system was used to generate PIGT and
PIGA knockout (KO) human monocytic THP-1 cells (ATCC) (Table S1 for
guide RNA sequences). KO cells were FACS sorted for GPI-AP negative cells.

Each knockout cell was rescued by transfection of a corresponding cDNA.
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SLC35A2 gene was knocked out in PIGTKO THP-1 cells by CRISPR/Cas9

system.

Inflammasome activation and IL1f3 measurements

Toll-like receptor 2 (TLR2) ligands, PamsCSK4 and Staphylococcus aureus
LTA, are from InvivoGen (23, 51). ATP and MSU for activating
inflammasomes are from Enzo Life Sciences and InvivoGen (23, 52).
Peripheral blood mononuclear cells were stimulated by PamsCSK4 or LTA
for 4 hr at 37°C and after washing by ATP or MSU for 4 hr at 37°C. IL1B
ELISA kit (BioLegend) was used to measure IL1PB secreted into the
supernatants. Polyclonal rabbit anti-IL1p antibody for western blotting was
from Cell Signaling Technology. PIGAKO, PIGTKO and wild-type THP-1
cells were differentiated into adherent macrophages in complete RPMI 1640
medium containing 100 ng/ml phorbol 12-myristate 13-acetate (PMA;
InvivoGen) for 3 hr, and then with fresh complete medium for overnight (53).
For stimulation, medium was replaced with serum free medium with
Pam3;CSK4 (200 ng/ml), followed 4hr-later by ATP stimulation for 4 hr (5
mM).

Stimulation of THP-1-derived macrophages with complement

As a source of complement, whole blood was collected from healthy donors
after informed consent, and serum separated, aliquoted and stored at -80°C
prior to use. Inactivation of complement was carried out by heating serum at
56°C for 30 min. To prepare acidified serum (AS) that allows activation of
the alternative pathway on the cell surface, 21 volumes of serum was mixed
with 1 volume of 0.4 M HCI to have pH of approximately 6.7. C6- and
C7-depleted sera and purified C6 and C7 proteins were purchased from
Complement Technology. Differentiated cells were stimulated with acidified
normal serum, or acidified C6-depleted and C7-depleted sera, and those
reconstituted with C6 and C7, respectively, at 37°C for 5hr and secreted IL1f
was measured by ELISA. C5 was inhibited by addition of 35 pg/ml anti-C5

mADb (eculizumab, Alexion Pharmaceuticals).
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For ex vivo blockade of human C5aR, anti-human C5aR or nonpeptide C5aR
antagonist W-54011 (5 uM, Merck Millipore)(25) was used. Complement C3
fragments and MAC deposited on the cells were measured by flow cytometry.
THP-1 cells were suspended in 20 pl FACS buffer (PBS, 1% BSA, 0.05% sodium
azide) with 1:20 human TruStain FcX™ (Fc¢ receptor blocking solution) at room
temperature for 10 min. Cells were stained with anti-C3/C3b/iC3b/C3d mAb
(clone 1HS8, BioLegend) or rabbit anti-human SC5b-9 (MAC) polyclonal
antibodies (Complement Technology) in FACS buffer. After washing twice,
cells were incubated with the PE-conjugated goat anti-mouse IgG
(BioLegend) or Alexa Fluor488-conjugated goat anti-rabbit IgG (Thermo
Fisher) secondary antibody. The anti-human SC5b-9 polyclonal antibodies
positively stained PMA-differentiated THP-1 cells without incubation in AS.
The same antibodies did not stain similarly differentiated PIGTKO and
PIGAKO THP-1 cells, suggesting that the antibody product contained
antibodies reacted with some GPI-AP expressed on THP-1-derived
macrophages (Figure S8B, C). Because of this reactivity to non-MAC
antigen(s), the anti-SC5b-9 antibodies were used for PIGTKO and PIGAKO

cells but not for WT cells in experiments shown in Figure 5D and F.

Statistical analyses

All experiments with THP-1 cells were performed at least three times. All
values were expressed as the mean + SD of individual samples. For
two-group comparisons between PIGTKO and PIGAKO cells, Student’s #test

was used. Pvalues below 0.05 were considered statistically significant.

Study approval

This study was approved by institutional review boards of Osaka University
(approval number 681), University of Ulm (approval numbers 279/09 and
188/16) and University of Berlin (approval number EA2/077/12).

Data Sharing Statement
All data supporting the findings are available from the corresponding

authors.
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Figure 1. Clinical features of AIF-PNH. A. Schematics of normal and
defective biosynthesis of GPI anchors. (a) Normal biosynthesis of GPI-APs.
GPI is synthesized in the endoplasmic reticulum (ER) from
phosphatidylinositol (PI) by sequential reactions and assembled GPI is
attached to proteins (orange oval). PIGA acts in the first step of GPI
biosynthesis whereas PIGT acts in attachment of GPI to proteins. GPI-APs
are transported from the ER to the plasma membrane (PM). (b) No GPI
biosynthesis in PNH caused by PIGA defect. (¢c) Accumulation of free GPI in
PNH cells caused by PIGT defect. GPI is not attached to proteins because of
PIGT defect and is transported to the cell surface. B. Time course of PNH
clone sizes in patients G1, G3 and J1. Percentages of PNH cells in monocytes,
granulocytes, erythrocytes and reticulocytes are plotted as a function of time
in days. Arrows, start of eculizumab therapy. C. Examples of urticaria in
patient G3 before the start of the anakinra treatment: (a) and (b), chest; (c),
left upper leg. Brightness in (b) was adjusted to more clearly show raised
skin in the affected area. (d) hemoglobinuria of patient G3. The pictures were
kindly made available by the patient. D. Clinical courses of patients G3 in
comparison to J1 (Fig. 1 in Kawamoto M et al (8) was modified with
additional data) including effective treatments. G3 (top) had meningitis 19
times since 62 years of age to 65 years of age. Eculizumab therapy started at
66 years of age after a severe hemolysis. J1 (bottom) had meningitis 121
times since 53 years of age to 69 years of age when eculizumab therapy
started (8). Downward green arrows, onset of urticaria and/or arthralgia;
Blue middle height bars, meningitis; Orange short bars, hemolysis; Orange
long bars, severe hemolysis; horizontal arrows of various lengths, treatment
periods of effective therapies (Anakinra and canakinumab were given with
prednisolone); upward arrows with number and asterisk, serum samples

taken for cytokine and other protein determination.

Figure 2. Genetic abnormalities in patients with AIF-PNH. A. PIGT
mutations in GPI-positive (GPI +) and -defective (GPI -) cells from patients
with AIF-PNH. (Top) GPI + cells from patients with AIF-PNH J1, G1, G2 and
G3 had a germline PIGT mutation (triangle) in the maternal (M) allele. Two
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maternally imprinted genes, L3MBTLI and SGKZ, within myeloid Common
Deleted Region (CDR) are expressed from the paternal (P) allele. Solid and
broken red double arrows, P and M alleles of myeloid CDR, respectively.
(Bottom) GPI - blood cells from AIF-PNH patients had an 8 Mb to 18 Mb
deletion spanning myeloid CDR and P/GT and/or PIGU in the P chromosome
20q leading to losses of expression of two maternally imprinted L3MBTL1
and SGKZ2 genes (dotted boxes). B. Myeloid Common Deleted Region. A
1.9-Mb region in chromosome 20q spanning PTPRT gene to OSERI gene is
termed “myeloid common deleted region (CDR)”. PIGT and PIGU genes are
approximately 1.2 Mb telomeric and 7.4 Mb centromeric to the myeloid CDR,
respectively. LIMBTLI and SGKZ2 genes marked # are maternally imprinted.
C. qRT-PCR analysis of genes within myeloid CDR in GPI-AP-defective
granulocytes from J1 and granulocytes from a healthy control (top) and
whole blood cells from G1 and a healthy control (bottom). LSMBTL1 and
SGK2, maternally imprinted genes; IFT52 and MYBL2, non-imprinted genes.
Relative expression is determined taking means of ABL levels as 1 (J1) or of
GAPDH as 1 (G1). Blue bars, cells from J1 and G1; orange bars, cells from
healthy individuals; asterisks (*), below detection limits. Mean +/- SD of
duplicate (JI) and triplicate (G1) samples in one of the two independent
experiments. D. Methylation status of the CpG islands in L3MBTLI in G1,
G2 and G3. Red, methylated CpG islands; pink, unmethylated CpG islands;
gray, unknown CpG islands. Bisulfite sequencing data are shown in Figure
S3A.

Figure 3. Biochemical abnormalities in PIGT defective cells. A. Schematic
representation of binding specificity of T5 mAb. T5 mAb recognizes
mammalian free GPI bearing GalNAc-side chain linked to the first mannose
(left). T5 mAb does not bind to free GPI when Gal is attached to GalNAc
(right). Man, mannose; GlcN, glucosamine; EtNP, ethanolamine phosphate;
PI, phosphatidylinositol. B. Western blotting analysis of P/G7*defective and
PIGL-defective CHO cells with T5 mAb for free GPI, anti-CD59 and
anti-DAF mAbs, and anti-transferrin receptor (TfR) as loading controls. C.
Flow cytometry of PIGTdefective and PIGL-defective CHO cells with T5
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mAb and anti-CD59 mAb. D. Flow cytometry of erythrocytes from J1, G1, G3,
a healthy individual and two patients with P/GA-PNH with T5 mAb and
anti-CD59 (top panels) or anti-CD58 (bottom panels). E. Flow cytometry of
blood cells from JI, a healthy individual and a patient with PIGA-PNH with
T5 mAb and FLAER. F. Granulocytes and monocytes from G1 and G3, and a
patient with PIGA-PNH, stained by T5 mAb and FLAER. G. Determination
of the PNH clone size in J1 by qPCR analysis of the break causing 18 Mbp
deletion. (Left) Threshold cycle in PCR for the break and exon 3 of PIGL as a
reference. #1, DNA from whole blood leukocytes taken in a stage with
autoinflammation only (four months before the onset of recurrent
hemolysis); #2, DNA from granulocytes (29% of cells were GPI-AP-defective)
taken one month after start of eculizumab therapy. (Right) Relative levels of
the break in samples #1 and #2 by setting the level in #2 as 1. Data are

shown in mean + SD of triplicate samples in one experiment.

Figure 4. IL1B secretion from AIF-PNH and PIGA-PNH cells. A. The
peripheral blood mononuclear cells from JI, PIGA-PNH4 and a healthy
individual were incubated with 10 to 100 ng/ml Pams;CSK4 (Pam3) at 37°C
for 4 hr, and then were incubated with 1.5 mM ATP for 30 min. IL1 in the
supernatants was measured by ELISA (top) and western blotting (bottom).
(Left) J1 (red bars) and a healthy individual (blue bars). (Right) PIGA-PNH4
(green bars) and a healthy individual (blue bars). A, ATP only; P100, 100
ng/ml PamsCSK4 only; P10A, P50A and P100A, 10, 50 and 100 ng/ml
PamsCSK4, respectively and ATP; H, healthy donors; T, AIF-PNH; A,
PIGA-PNH. B. The peripheral blood mononuclear cells from J1 and two or
three patients with PIGA-PNH and three healthy controls were stimulated
with 200 ng/ml of Pam3 or 1 pg/ml of lipoteichoic acid (LTA) from

Staphylococcus aureus for 4 hr at 37°C and after washing were incubated
with 3mM ATP or 200 pg/ml monosodium ureate (MSU) for 4 hr at 37°C.
IL1pB secreted into the medium was determined by ELISA. Data for healthy
donors and PIGA-PNH were shown as mean + SD. Cells from three patients
with PIGA-PNH (PIGA-PNH4-6) secreted very low levels of IL1B (403+/-326
pg/ml) after stimulation of NLRP3-inflammasomes with PamsCSK4 and ATP
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under these strong conditions. In contrast, cells from AIF-PNH J1 secreted
IL1B at a high level (25,000 pg/ml) that is higher than levels from three
healthy donors (6,693+/-1,711 pg/ml). Similar results were obtained by
stimulation with PamsCSK4 and MSU instead of ATP. Moreover, similar
results were obtained by stimulation with LTA plus ATP or MSU.

Figure 5. IL1PB secretion from PIGT- and PIGA-defective THP-1 cells. A.
Complement-mediated IL1p secretion from THP-1-derived macrophages. WT,
PIGTKO and PIGAKO cells were incubated with acidified serum (AS),
heat-inactivated AS (H-AS), or AS containing anti-C5 mAb. Supernatant
samples were collected after 5-hr incubation and analyzed for IL1p by ELISA.
Mean + SD of three independent experiments. B. Reductions of IL1J
secretion by transfection of PIGT and PIGA cDNAs into PIGTKO and
PIGAKO cells (PIGTKO+T and PIGAKO+A, respectively). Cells
differentiated by PMA were either left untreated (PMA) or incubated with
AS (AS) under similar conditions as described in A and supernatants
analyzed for IL1B. Mean + SD of three independent experiments. C. Effect of
inhibiting C5aR on IL1pB secretion from THP-1-derived macrophages. Cells
were incubated with AS alone (no treat), or AS containing C5aR antagonist
(W-54011) or anti-C5aR mAb. Supernatant was collected after 5 hr and
analyzed for IL1B by ELISA. Mean + SD of duplicate samples from two
independent experiments. D. Detection of C3b fragments (left) and MAC
(right) by flow cytometry on PMA-differentiated THP-1 macrophages after
incubation with AS. Geometric mean fluorescence intensity of
medium-treated cells was subtracted from that of AS-treated cells. Mean +
SD of three independent experiments. E. IL1B secretion from PIGTKO
THP-1 macrophages stimulated with C6- or C7-depleted AS. PIGTKO THP-1
macrophages were incubated with AS, C6-depleted AS (-/C6de), Cé6de
restored by C6 (+C6/C6de), C7-depleted AS (-/C7de), or C7de restored by C7
(+C7/C7de). Supernatant was collected after overnight incubation. Mean +
SD of triplicate samples from two independent experiments (normal and
C6-depleted sera) and one experiment (C7-depleted serum). F. Binding of
C3b fragments (left) and MAC (right) on PIGTKO and PIGT-SLC35A2
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double KO THP-1 macrophages after AS treatments. G. IL1p secretion from
PIGTKO and PIGT-SLC35A2 double KO THP-1 macrophages after AS

treatments.
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Table 1. Summary of clinical and genetic findings

J1v G1? G2? G3%
Age at diagnosis of 68 49 65 66
PNH
Gender Male Female Male Male
Origin Japanese Caucasian Caucasian Caucasian
Signs and symptoms
(age of onset)
Urticaria +(30)? +(26) +(48)
Arthralgia +(30) +(27) +(61)
Myalgia +(27) +(61)
Aseptic meningitis +(53) +(61)
Fever +(53) +(61)
Headache +(53) +0
Intravascular +(67) + (44)7 + +(61)®
hemolysis
Abdominal pain +(39) +(61)
Ulcerative colitis + (52)9
Previous therapy Corticosteroids | Corticosteroids Corticosteroi | Corticosteroid
Colchicine (for | Diphenhydramine | ds s
symptoms of Cromoglycin (for Mycophenolat
autoinflammati | Azathioprine residual e mofetil
on) (for symptoms of | hemolysis Dapsone
autoinflammation) | after start of | Anakinra
eculizumab) | Canakinumab
(for symptoms
of
autoinflamma
tion)
Eculizumab +(69) +(52) + (66) + (66)
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M9 allele of PIGT ¢.250G>T12) c.1401-2A>G c.761_764del | ¢.197delA
(p.E84%) (exon 11 del) GAAA™ (p.Y66fs)
(p.G254fs)
P19 allele of PIGT Entire deletion Entire deletion Entire Entire
(18 Mb) 19 (8 Mb) deletion deletion (15
(12Mb) 1914 Mb) 19

1

2)

3)

4)

J1 had recurrent urticaria and arthralgia since 30 years of age. At 53 years of age, he
had first aseptic meningitis and since then had meningitis several times a year. A
cerebrospinal fluid sample taken during an episode of meningitis had approximately
2,000 polymorphonuclear leukocytes per microliter. Since 58 years of age, frequencies
of meningitis increased to twice a month. At 67 years of age, intravascular hemolysis
was first noted. His white blood cell counts during asymptomatic period and after
commencement of eculizumab therapy were within a normal range. Refer to Kawamoto
M et al., BMJ Case Rep. 2018;2018 (8) for more detailed description of J1.

Refer to Supplemental Data in Krawitz PM et al., Blood 2013; 122:1312-1315 (7) for
detailed description of G1.

96% of granulocytes and 19% of erythrocytes of G2 were GPI-AP-defective. Additional
diagnosis and symptoms: Arteriosclerosis with coronary heart disease, myocardial
infarction (49 years) and recurrent left brain transient ischemic attacks (66 years),
recurrent confusion symptoms, and disturbance of memory; cholecystectomy (43 years)
in the following years remitting cholangitis; elevation of indirect bilirubin; B chronic
lymphocytic leukemia (64 years), treatment with rituximab (Whether leukemic cells
were from PNH clone was not known.); hemochromatosis (compound heterozygous),
diagnosed at age of 66 because of elevation of ferritin, prostate adenoma. The patient
died for cardiac decompensation with fulminant pulmonal edema and massive general
arteriosclerosis with ulcerated plaques.

Additional diagnosis and symptoms of G3: Cholecystolithiasis (65 years); metabolic
syndrome with obesity, diabetes and dyslipoproteinemia; sensorineural hearing loss (61
years); peripheral arterial occlusive disease; JAK2 V617F mutation (age of 66)
(Whether the mutation occurred in PNH clone was not known.), neurinoma left side (52
years), increasingly personality changes and disturbance of memory since the

beginning of the meningitis episodes until start of eculizumab.
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Numbers in parentheses indicate age when the symptom first recognized or eculizumab
treatment started.

Headache often occurred associated with urticaria (first urticaria, followed by severe
headache).

First time of significantly elevated lactate dehydrogenase (LDH)(7).

Patient reported on dark urine (panel d of Figure 1C).

G1 developed ulcerative colitis/proctitis about 5 years after diagnosis of PNH.
Eculizumab was not effective to ulcerative colitis/proctitis in G1.

M, maternal; P, paternal.

Based on NM_015937.

The same variant ¢.250G>T in J1 (8) was found in two Japanese patients with
inherited GPI deficiency (IGD) suffering from developmental delay, seizures and
skeletal abnormality (Table S2)(11, 43).

Data are shown in Figure S2.

Deletions of J1 and G2 included entire PIGU gene as well as PIGT.
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Table 2. Cytokines and other proteins in serum samples from G3, J1 and PIGA-PNH.

G3
Serum *1 *2 *3 *4 *5
Samples in Meningitis | Meningitis | Meningitis | Meningitis | Six months Normal
FigurelD after start of | range
eculizumab
Thymidine 101 33.6 43.8 Not done Normal <5
kinase (U/L)
Soluble 1750 1345 3026 1237 Normal 158-635
IL2-Receptor
(U/m))
J1
Serum *1 *2 *3 *4 *5 *6
Samples in Interval Meningitis Hemolysis 2.5 years 3.5 years 4.5 years Normal
FigurelD after start of |after start of|after start of range
eculizumab | eculizumab | eculizumab
IL18 1410 797 972 1150 <211.0
(pg/ml)
1L18 0.291 <0.125 4.670 <0.125 <0.125 <0.125 <0.928
(pg/ml)
IL1IRA 716 323 27500 239 85.6-660
(pg/ml)
IL6 (pg/ml) 127.0 4160 2.30 2.94 6.32 <2.410
Serum 175.8 2433.0 282.6 <2.5 <8.0
amyloid A
(ng/ml)
LDH (IU/L) 291 249 3004 157 165 169 120-250

IL1RA, IL1 receptor antagonist.

PIGA-PNH (4 patients without eculizumab therapy)

Patient 1 2 3 4 Normal range
IL18 (pg/ml) 288 289 263 443 <211.0
Serum amyloid A (ng/ml) 5.0 7.1 6.8 8.3 <8.0
LDH (IU/L) 633 1190 923 1216 103-229
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Supplemental Methods

Blood samples and flow cytometry

Total peripheral blood cells were collected by centrifugation and a small sample was
saved for staining erythrocytes. Total blood cells were subjected to hypotonic lysis in
40 volumes of ACK buffer to lyse erythrocytes and the remaining total leukocytes
were washed with FACS buffer by centrifugation. Peripheral blood leukocytes were
stained for GPI-anchored proteins (GPI-APs) by fluorescence-labeled non-lytic
aerolysin (FLAER) (Cederlane), anti-CD14 (clone MOP9, BD Biosciences), -CD16
(clone 3G8, BioLegend), -CD24 (clone MLS5, BioLegend), -CD48 (BJ40, BioLegend),
-CD59 (clone SH8)(1) or -CD66b (clone 80H3, Beckman Coulter Immunotech).
Erythrocytes and reticulocytes were stained by anti-CD58 (clone AICD58, Beckman
Coulter) or -CD59 (clone p282/H19, BD). Lymphocytes, monocytes and granulocytes
were differentiated based on forward and side scatters (Figure S1B). In the
lymphocytes gate, B- and T-lymphocytes were further gated by CD19- or CD3-
positivity, respectively. For this, leukocytes were stained with either Pacific Blue-
conjugated anti-CD19 or anti-CD3 (clones HIB19 and OKT3, BioLegend) together
with staining for free GPI and GPI-APs. Other antibodies used were PE-anti-
CDS55/DAF (clone IA10, BD), PE-anti-CD88/C5aR (BioLegend) and anti-T{R (clone
H68.4, Thermo Fisher). T5-4E10 mAb (T5 mAb) for free GPI (2) is now available
from BEI Resources, NIAID, NIH.

For DNA and RNA analyses, granulocytes with PNH phenotype and normal
granulocytes were separated by a cell sorter (FACSAria, BD). For this, the total blood
leukocytes were stained by FLAER and subjected to cell sorting. Granulocytes were
identified by their side and forward scatters and were separated into FLAER-negative
and -positive fractions.

Determination of break points causing the 18 Mb deletion in patient J1

Genomic DNA of peripheral blood granulocytes from patient J1 containing 29% GPI-
AP-deficient cells was used as a template for PCR to amplify a fragment including
break points. All combinations of forward primers 1 to 3 and reverse primers 4 to 6
were used (positions and sequences of PCR primers in Figure S5A, top and Table S1).
A fragment amplified with primers 1 and 5 (red arrowheads) was Sanger sequenced
using primers 7 to 11 (positions and sequences in Figure S5A, top and Table S1).

Quantitative PCR (qPCR) analysis of chromosome 20q bearing the break points to
determine the clone size of GPI-AP-deficient cells in patient J1

Two samples of J1’s genomic DNA, one (sample #1) prepared from the whole blood
leukocytes taken four months before the onset of recurrent hemolysis and the other
(sample #2) prepared from granulocytes (29% GPI-AP-deficient) taken one month
after the commencement of eculizumab therapy, were analyzed by qPCR. Primers to
amplify a region including the break were designed based on the determined break
points (Figure S5A). A region in exon 3 of PIGL was amplified as a reference. Primer
sequences are shown in Table S1. SYBR Green Master Mix and StepOnePlus system
(Thermo Fisher Scientific) were used. Ratios of (Break)/(PIGL) were determined for
#1 and #2 samples with the 2(—AACt) method for comparative analysis, and a relative
level of the break in #1 sample was determined setting a ratio of #2 sample as 1
(Results are shown in Figure 3G). Percent GPI-AP-deficient cells in the whole blood
leukocytes at four months before the onset of recurrent hemolysis was determined by
multiplying 29% by a relative level of the break in #1.
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Generation and characterization of PIGTKO, PIGAKO and PIGT-SLC35A42 double
KO THP-1 cells.

Gene disruption in THP-1 cells was made with CRISPR/Cas9 system (guide RNA
sequences shown in Table S1). PIGTKO and PIGAKO cell clones were established
based on their phenotypes (loss of FLAER- and CD55-positive staining) and
mutations as assessed by Sanger sequencing. Specificities of KO were confirmed by
restoration of the wild-type phenotypes after transfection of corresponding cDNAs.
PIGT-SLC35A2 double KO (PIGT-SLC35A2KO) cells were established by KO
SLC35A2 in PIGTKO cells and sorting TS mAb staining positive cells.

Quantitative RT-PCR (qRT-PCR) for IL1 and NLRP3

Levels of IL13 and NLRP3 mRNAs were analyzed by qRT-PCR using SYBR Green
(Applied Biosystems) and appropriate primers (Table S1). Data were normalized to
B—actin according to the 2(—AACt) method for comparative analysis. IL1[3 and
NLRP3 mRNA levels of PMA-treated WT cells were set to 1. Result was expressed
as the mean + SD of duplicate determinations of a representative experiment.

Supplemental Results

Characterization of the patients’ blood samples and bone marrow

Blood cell counts and neutrophil percentage in leukocytes of patients G1 and G3 were
shown as a function of time in days in Figure S1A. LDH levels of patient G1 were
also shown. Total leukocyte counts and platelet counts were within normal ranges in
patients G1 and G3 (Figure S1A) and J1 (3), except at around severe hemolysis. The
bone marrow specimen of patient G3, collected 6 months after the first meningitis
episode and 4 years before the diagnosis of PNH showed an increased hematopoiesis.
There were no signs of malignancy or aplasia. Taken together with reports that there
were no signs of aplasia in the bone marrow of J1 (3) and G1 (4), bone marrow failure
does not seem to be a feature of patients with autoinflammation-PNH (AIF-PNH)
characterized by PIGT mutations.

Determination of break points causing the 18 Mb deletion in patient J1

The 18 Mb deletion was previously determined by a SNP array analysis of GPI-AP-
deficient and GPI-AP-positive granulocytes from J1 (3). The SNP array analysis
showed that SNPs at positions 31,905,813 and 49,909373 were present in the
deletion-containing chromosome 20 of GPI-AP-deficient cells whereas all SNPs
between those at 31,925,918 and 49,759,935 were absent (Figure S5A, top : positions
according to GRCh37/hg19, NCBI/UCSC). Therefore, the centromeric and the
telomeric break points must exit between positions 31,905,813 and 31,925,918, and
positions 49,759,935 and 49,909373, respectively. To amplify a DNA fragment
including the break points, we designed three PCR primers each in the centromeric
(primers 1 to 3) and the telomeric (primers 4 to 6) regions (Figure S5A, top). Using
genomic DNA from J1 granulocytes containing 29% GPI-AP-deficient cells as a
template (sample #2 in Figure S5B, right part), PCR with primers 1 and 5 (primer set
1-5) generated a 6-kbp product (marked *) whereas PCRs with all other primer sets
gave negative results or non-specific products. To determine nucleotide sequence of
the 6-kbp PCR product, we generated five sequence primers (7 to 11 in Figure S5A,
top). Sequencing with primer 8 (red) was successful. Two break points at positions



31,909,463 and 49,798,761, and an insertion of five nucleotides (5’-ACATT) between
the break points were identified (Figure SSA, bottom).

A clone size of GPI-AP-negative leukocytes in patient J1 at four months before the
onset of recurrent hemolysis

We also used J1’s genomic DNA prepared from the whole blood leukocytes taken
four months before the onset of recurrent hemolysis (sample #1 in Figure S5B, left
part) as a template in PCR. Similar to sample #2, primer set 1-5 generated a 6-kbp
product (marked *) whereas all other primer sets gave negative results or non-specific
products (Figure S5B, left part). The 6-kbp product amplified from sample #1 was
confirmed to be the same break-containing region by Sanger sequencing. The amount
of the 6-kbp product from sample #1 was much smaller than that from sample #2
(29% GPI-AP-deficient cells). These results indicate that J1 had a small GPI-AP-
clone four months before the onset of PNH.

To determine the clone size at four months before the onset of recurrent hemolysis,
we analyzed samples #1 and #2 by qPCR. The level of the break-containing DNA in
sample #1 was approximately 10% of sample #2 (Figure 3G), indicating
approximately 3% of total leukocytes were GPI-AP-deficient.

Characterization of PIGTKO, PIGAKO and PIGT-SLC3542 KO THP-1 cells

The surface expressions of GPI-APs were lost from both PIGTKO and PIGAKO cells
and were restored by transfection of P/GT and PIGA cDNAs, respectively (Figure
S6A). PIGTKO, PIGAKO and wild-type (WT) THP-1 cells were differentiated into
macrophages by phorbol 12-myristate 13-acetate (PMA) to induce competence in
inflammasome activation (5). They were then tested by priming with Pam3;CSK4
followed by 4h-treatment with ATP. IL13 was released at similar levels from WT,
PIGTKO and PIGAKO cells (167.9+61.5, 144.3+19.7, 200.3+48.8 pg/ml), indicating
that they have comparable abilities to respond to inflammasome activators (Figure
S6B). PIGT-SLC35A2KO cells were strongly stained by T5 mAb whereas PIGTKO
cells were only very weakly stained by T5 mAb (Figure S6C). This result indicated
that most free GPIs in PIGTKO cells were not detected by TS mAb because of
capping by galactose (schematic shown in Figure 3A).

IL1 and NLRP3 levels in PIGTKO, PIGAKO and WT THP-1 cells before and after
incubation with complement

Transcriptional induction of IL13 and NLRP3 were at similar levels in PIGTKO,
PIGAKO and wild-type (WT) THP-1 cells and the PIGTKO cells rescued by PIGT
cDNA. IL1p was induced by PMA alone, while NLRP3 induction was further
enhanced by the acidified serum (Figure S7A).
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Fig. S2. Rare pathogenic variants and somatic mutations of PIGT in AIF-PNH
G2 and G3 revealed by Gene Panel analysis and array comparative genomic
hybridization. A. The inherited variants in G2 and G3 are a four-base pair deletion
(NM_015937: ¢.761_764delGAAA) and a one-base pair deletion (NM_015937:
c.197delA) in PIGT. B. The somatic deletion in G2 spans over 12 Mb on chr 20q and
involves PIGT and PIGU, arr[hg19] 20q11.22q13.12(32,837,289-44,973,145)x1. The
somatic event in G3 is a 15 Mb deletion involving PIGT, arr[hg19]
20q11.22q13.2(34,975,105-50,140,767) x1.
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Figure S3. Methylation status of L3IMBTLI and a model for clonal expansion in
AIF-PNH. A. Bisulfite sequencing of the informative region in L3MBTLI in G1, G2
and G3. B. Models of clonal expansion of GPI-defective cells in PNH (top) and AIF-
PNH (bottom). In PNH, somatic mutation of PIGA gene in a hematopoietic stem cell
generates GPI-defective clone (step 1). Under bone marrow failure conditions, normal
stem cells are damaged by autoimmune mechanisms whereas GPI-defective clone
survives, causing an initial clonal expansion (step 2). The GPI-defective subclone that
acquired benign-tumor-like growth phenotype expands greatly (step 3). In AIF-PNH,
patients had a germ line loss-of-function mutation in the maternal allele of PIGT. A
deletion spanning the entire PIGT and myeloid common deletion region occurs in the
paternal allele in a hematopoietic stem cell, generating GPI-AP-defective clone (step



1). Because of losses of maternally imprinted L3MBLI and SGK2 genes, the GPI-AP-
defective clone may obtain a competence to expand and may initially contribute to
non-erythrocytic myeloid cells causing recurrent autoinflammation. Years later,
PIGT-defective clone may begin to generate sufficient numbers of GPI-AP-defective

erythrocytes to cause PNH phenotype.
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Figure S4. Flow cytometry of blood cells from patients with AIF-PNH. A.
Peripheral blood cells from G2 with AIF-PNH (top two lows) and a healthy control
(bottom two lows) were stained for GPI-APs. B. Granulocytes, monocytes, B- and T-
lymphocytes from J1 with AIF-PNH and a normal individual, stained by TS5 mAb and
anti-CD59 mAbD.



>

Seq primer

7891011
> > > < < <
PCR primer 1 2 3 4 5 6
SNP array~GPI-AP- AB BB AX AB
raw data [GPI AP+ AB AB _~AB AB
Chr20: 31905813 31909463 ""'--A...,3192591a 49759935 49798761 49909373
qPCR PrimerU qPCR PrimerL

v
=B

G NTCMT BT G

T Y TR e e o e N
A'_LIMA i\ WL ‘ L.._,._‘ Mﬂ " LJJ\;A"L_,J y /L_,JM |||»{\

Chr 20 Breakpoint (GRCh37/hg19)
B
Template Sample #1 Sample #2

Primer set 1-4 1-5 1-6 2-4 2-5 2-6 34 3-5 3-6 14 1-5 1-6 2-4 2-5 2-6 3-4 3-5 3-6

Figure SS. Determination of the break points causing the 18 Mb deletion in J1. A
(Top) Schematic of a region in patient J1’s chromosome 20q bearing the 18 Mb
deletion (centromere on the left). Four informative SNPs (AB, heterozygous; AA and
BB, homozygous) are shown in their position numbers below the schematic: SNPs
heterozygous in both GPI-AP-positive and GPI-AP-deficient cells (at 31,905,813 and
49,909,373) were present in GPI-AP-deficient cells whereas those homozygous in
GPI-AP-deficient cells and heterozygous in GPI-AP-positive cells (at 31,925,918 and
49,759,935) were within the deleted region in GPI-AP-deficient cells. PCR primers 1
to 6 used to amplify a region including break points are shown immediately above the
schematic. Sequence primers 7 to 11 used to determine nucleotide sequence of the
PCR product with primers 1 and 5 (red arrowheads) (see B for PCR products) are
shown on top: sequencing with primer 8 (red) was successful. (Bottom) Sanger
sequence result with primer 8. Two break points at positions 31,909,463 and
49,798,761, and an insertion of five nucleotides (5’-ACATT) between the break
points were identified. Locations of primers for gJPCR (Primers U and L) to determine
the clone size of GPI-AP- cells are shown above the sequence. B. PCR products from
template samples #1 and #2 with all combinations of primers. Sample #1, genomic
DNA from the whole blood leukocytes taken four months before the onset of
recurrent hemolysis; sample #2, genomic DNA from granulocytes (29% GPI-AP-
deficient) taken one month after the commencement of eculizumab therapy. PCR with
primer set 1-5 generated a 6 kbp product strongly from sample #2 and weakly from
sample #1. All other primer sets gave negative results or non-specific products.
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Figure S6. Characterization of PIGT and PIGA knockout THP-1 cells. A. Surface
expression of GPI-APs on PIGT knockout (KO), PIGAKO and PIGT- / PIGA-rescued
(PIGTKO+T, PIGAKO+A) THP-1 cells. Test cells (blue lines) and wild-type cells
(solid lines) were stained with FLAER (top panels) and PE-labeled anti-CD55
antibody (bottom panels). Negative staining controls (shaded) for FLAER and anti-
CD55 were buffer only and isotype matched monoclonal antibody, respectively. The
expressions of GPI-APs on PIGTKO and PIGAKO cells were lost and normalized by
rescue transfections of relevant cDNAs. B. Secretion of IL13 from THP-1 cells. WT,
PIGTKO and PIGAKO THP-1 cells were differentiated into macrophages by PMA
(100 ng/ml). The differentiated cells were primed with Pam3CSK4 (200 ng/ml) for 4
hr, after which medium was removed and pulsed for 4 hr with ATP (SmM). IL1f3
released into medium was measured by ELISA. Data are expressed as mean + SD of
three independent experiments. C. Expression of free GPI on WT, PIGTKO, PIGT-
SLC35A2 KO, PIGT-rescued PIGT-SLC35A2 KO THP-1 cells. TS mAb did not
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positively stain WT and PIGTKO THP-1 cells whereas it stained PIGTKO-
SLC35A2KO THP-1 cells strongly. SLC35A2KO cells derived from PIGTKO cells
are defective in galactosylation because of defective UDP-Gal transporter encoded by
SLC35A42, indicating that PIGTKO THP-1 cells express free GPI whose GalNAc side-
chain is fully galactosylated.
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Figure S7. Responses of THP-1 cells to complement. A. Levels of IL1§ and
NLRP3 transcripts in WT, PIGTKO, PIGAKO and PIGT-rescued PIGTKO THP-1
cells. Cells were differentiated to macrophages by PMA and RNA prepared before
(hatched bars) and after (grey bars) 5-hr incubation in 50% acidified serum (AS).
IL1B (left) and NLRP3 (right) transcripts were measured by qRT-PCR. Data are
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expressed as mean + SD of triplicate samples from one of three independent
experiments. B. Levels of IL1f protein in WT, PIGTKO and PIGAKO THP-1 cells.
After differentiation by PMA, detergent extracts were prepared and IL1f determined
by western blotting (left) and ELISA (right). T{R, transferrin receptor used as a
loading control. Levels of IL1p determined by ELISA were expressed as mean + SD
of three independent experiments. C. Levels of C5aR on THP-1-derived macrophages
before and after incubation in acidified serum. WT (black lines), PIGTKO (red lines)
and PIGAKO (blue lines) cells before (left) and after 5-hr incubation in 50% acidified
serum (right) were stained by anti-CD88 mAb. Shaded, WT cells stained by isotype
control antibody. Mean + SD of three independent experiments.
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Figure S8. A. Detection of C3b fragments by flow cytometry. THP-1 cells were
differentiated into macrophages by PMA (left) and incubated with 50% acidified
serum for 5 hr after differentiation (right). WT (black lines), PIGTKO (solid red lines),
PIGT-rescued PIGTKO (dotted red lines), PIGAKO (solid blue lines) and PIGA-
rescued PIGAKO (dotted blue lines). One representative experiment of three
independent experiments. B. Detection of MAC by flow cytometry. WT (black lines),
PIGTKO (red lines), PIGAKO (blue lines) THP-1 cells were left undifferentiated
(left), differentiated into macrophages by PMA (center) and incubated with 50%
acidified serum for 5 hr after differentiation (right). One representative experiment of
three independent experiments. C. Detection of C3b fragments (top), MAC (middle)
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and free GPI (bottom) on PIGT-SLC35A2 KO THP-1 cells and PIGT-rescued PIGT-
SLC35A2 KO THP-1 cells after PMA-treatment and incubation with acidified serum
(left) or heated acidified serum (right). Black lines, WT; red lines, PIGTKO; purple
lines, PIGT-SLC35A2 KO; dotted lines, PIGT-rescued PIGT-SLC35A2 KO.

16



Table S1. Table S1. Sequences of primers and guide RNA used in this study.

qPCR primers

cDNA Sequence (5°-3”)

ABL-F GCGTGAGAGTGAGAGCAG

ABL-R TCTCGGAGGAGACGTAG
SGK2E9F CTGAAGTGCTTCGGAAAGAG
SGK2E10R2 CGGCTGGTGCAGAATGTTC
L3MBTLE10F2 TGTACTTCATCCTCACCGTG
L3MBTLEI11RI1 AGTTGGCATTGACCCAGAAG
IFT52E6F2 TGCCTGGGATCATTGATGAG
IFT52E7R1 ACAGAACCTGTAGACAGAAC
MYBL2 4F1 AATGCCAGTACAGGTGGCTG
MYBL2 5R1 TTCAGGTGCTTGGCAATCAG

B actin—F AGAGCTACGAGCTGCCTGAC

B actin—R AGCACTGTGTTGGCGTACAG
IL-1pB-F TTACAGTGGCAATGAGGATGAC
IL-1B-R GTCGGAGATTCGTAGCTGGAT
NLRP3-F CGTGAGTCCCATTAAGATGGAGT
NLRP3-R CCCGACAGTGGATATAGAACAGA
chr20 breakU ATCCAGTGTTGTCAGATCATCTGGG
chr20 breakL TTCACAGGAACATGCGATGACAACC
hPIGLex3U GGATTTCCCAGATGACCCAG
hPIGLex3L CAGATTGATGCCATTCACTTCT

Primers for the break point determination

1 (chr20-1-31905941U)

TGGACCACCTGCCCTTTGTAGG

2 (chr20-2-31915901U)

AGGCAGGGTAGAGATGCTGAAATC

3 (chr20-3-319257810)

CCCTGAGTATTGACATCTGTGAGCA

4 (chr20-1-49769935L)

5 (chr20-2-49800157L)

GTTAGGACCACATTTGCCCACAGG

6 (chr20-3-49900000L)

TTAGGGGTGGTCCCATGACTTACTTC

7 (chr20-4U) TTCCAGCTGACTGGGAGGCT
8 (chr20-5U) GATCTGGGCTCACCACAACCT
9 (chr20-6U) GACTCGCCCTCCTGACTGCA

10 (chr20-7U)

CCACAACAGCTGACAAGTATATGGC

11 (chr20-8U)

Guide RNA sequence

Target gene

Sequence (5°-3°)

hPIGT Cas 212U
hPIGT Cas 212L
hPIGA Cas 190U

CACC gaatgtggcggctacgtcceegg
AAAC ccggggacgtagccgecacatte

CACC ccagggctaacccgagagagtgt
17

GCTTACTGAATGATCACAAAGCAAGCT

GAACACAAATTCTTCTCCTGTTCTGACC



hPIGA Cas 190L AAAC acactctctcgggttageectgg
hSLC35A2 FW-4 CACC ggtggttccaccgeggegee
hSLC35A2 RV-+4 AAAC ggcgecgeggtggaaccace
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Table S2. PIGT mutations in Inherited GPI Deficiency (IGD)

Family Origin MDY allele P allele Reference
1 Aramaic c.547A>C? c.547A>C Kvarnung (6)
(p.T183P) (p.T183P)
2 Japanese c.250G>T? c.1342C>T Nakashima (7)
(p.E84%) (p.R448W)
3 Caucasian ¢.918dupC c.1342C>T Lam (8)
(M)/African (p-V307Rfs*13) | (p.R448W)
American
4 Somalian c.1079G>T c.1079G>T Skauli (9)
(p.G360V) (p.G360V)
5 Caucasian c.1582G>A ¢.1730dupC Pagnamenta (10)
(p.V528M) (p.L578fs*35)
6 Afganistani c.709G>C c.709G>C Pagnamenta (10)
(p.E237Q) (p.E237Q)
7 Japanese c.250G>TY c.1096G>T Kohashi (11)
(p.E84%) (p.G366W)

) M, maternal; P, paternal

2 Based on NM 015937

3 The same mutation was found in patient J1 with autoinflammation-paroxysmal
nocturnal hemoglobinuria (AIF-PNH) (Table 1).
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