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ZAPS is a potent stimulator of sighaling mediated by
the RNA helicase RIG-I during antiviral responses

Sumio Hayakawa'$, Souichi Shiratori">$, Hiroaki Yamato!~%, Takeshi Kameyama!, Chihiro Kitatsuji!,
Fumi Kashigi®7, Showhey Goto!”7, Shoichiro Kameoka!”’, Daisuke Fujikura?, Taisho Yamadal,

Tatsuaki Mizutani’, Mika Kazumata!, Maiko Sato, Junji Tanaka?, Masahiro Asaka®, Yusuke Ohba’,
Tadaaki Miyazaki?, Masahiro Imamura? & Akinori Takaokal®

The poly(ADP-ribose) polymerases (PARPs) participate in many biological and pathological processes. Here we report that
the PARP-13 shorter isoform (ZAPS), rather than the full-length protein (ZAP), was selectively induced by 5'-triphosphate-
modified RNA (3pRNA) and functioned as a potent stimulator of interferon responses in human cells mediated by the RNA
helicase RIG-I. ZAPS associated with RIG-1 to promote the oligomerization and ATPase activity of RIG-I, which led to robust
activation of IRF3 and NF-xB transcription factors. Disruption of the gene encoding ZAPS resulted in impaired induction

of interferon-a (IFN-a), IFN-B and other cytokines after viral infection. These results indicate that ZAPS is a key regulator

of RIG-I signaling during the innate antiviral immune response, which suggests its possible use as a therapeutic target

for viral control.

Pathogen invasion is sensed by pattern-recognition receptors (PRRs)
of the innate immune system through the recognition of pathogen-
associated molecular patterns. Some subsets of the PRRs trigger
the activation of intracellular signaling pathways, which leads to
the induction of antimicrobial genes. The repertoire of such signal-
transducing-type PRRs includes membrane-bound Toll-like recep-
tors (TLRs) and C-type lectin receptors, as well as cytosolic receptors
such as RNA helicase RIG-I-like receptors and Nod-like receptors!~.
Nucleic acids derived from viruses are key signatures that trigger
antiviral defense against viral infection. Among those nucleic acids,
viral RNA can serve as a major pathogen-associated molecular pattern
targeted by TLR3, TLR7and TLRS8 on the endosomal membrane and
by RIG-I-like receptors in the cytosolic space.

At least three DExD-H-box RNA helicases®5, RIG-I, Mda5 and
LGP2, are included in the RIG-I-like receptor family. RIG-1 is a
key PRR for the detection of positive- and negative-stranded RNA
viruses in the cytoplasm of cells®’ and has an important role in trig-
gering responses to many viruses, such as those of the orthomyxo-
virus family (influenza A virus), paramyxovirus family (measles,
mumps and Sendai virus), hepatitis C virus and Japanese encepha-
litis virus®, RNA containing 5 -triphosphate modification (3pRNA)
is essential for RIG-1 recognition and activation®!?. Ligand bind-
ing activates the ATPase activity of RIG-I to change its structural
conformation®, which in turn enables RIG-I to interact through
its amino-terminal tandem caspase-recruitment domain (CARD)

with the adaptor protein MAVS (mitochondrial antiviral signaling
protein; also known as IPS-1, VISA or Cardif)!!-}%. MAVS then ini-
tiates activation of the interferon-regulatory factor 3 (IRF3), IRF7
and NF-xB transcription factors and the subsequent production of
type I interferons and inflammatory cytokines, which are crucial for
activating innate immune responses to viral infection®!3. Given the
important role of the RIG-I pathway in the antiviral innate response,
the mechanisms that regulate RIG-I activation represent a topic of
intense research!6-18,

Poly(ADP-ribose) polymerases (PARPs), which are a superfamily
with least 17 members, are known to regulate not only cell-survival
and cell-death programs triggered by DNA damage but also other
biological functions, as well as pathological processes, such as
inflammatory and degenerative diseases, in a manner dependent or
independent of their PARP activity!9~?2. Several PARP superfamily
members have a direct regulatory effect on the replication of certain
viruses!®20:2223 For example, PARP-1 directly poly(ADP-ribosyl)ates
the Epstein-Barr virus-encoded origin-binding protein EBNA1 and
the Kaposis sarcoma-associated herpesvirus-encoded latency-
associated nuclear antigen LANA and disables their functions?>?4,
PARP-13 (also known as ZAP (zinc-finger CCCH-type antiviral
protein 1)) interacts with viral RNA from certain subsets of viruses,
such as Moloney murine leukemia virus and Sindbis virus, and recruits
the RNA exosome and the DEAD-box RNA helicase p72 to efficiently
degrade RNA?0:25:26,
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Figure 1 Involvement of PARP-superfamily members in interferon responses to cytosolic nucleic acids. (a) Quantitative RT-PCR analysis (top) of the
induction of human IFN-B mRNA by stimulation with 3pRNA, poly(rl:rC) or poly(dA:dT) (1 ug/ml) in HEK293T cells transfected with control vector or
expression vectors for various members of the mouse PARP family; results are presented in relative expression units (RE), relative to the expression of
ACTB (encoding B-actin). Below, immunoblot analysis of PARP expression with antibody to hemagglutinin (anti-HA) or anti-B-actin (lanes correspond to
bars above). NS, nonspecific band. (b) Quantitative RT-PCR analysis (middle) of IFN-B mRNA after 8 h of no stimulation (=) or stimulation with 3pRNA
(+), and luciferase activity (right) of a p-125Luc firefly luciferase reporter plasmid at 48 h after transfection of HEK293T cells with increasing doses
(wedges) of control vector (C) or expression vector for HA-tagged ZAPS or ZAP. Results are presented relative to ACTB expression (middle) or the activity of
renilla luciferase (right). Left, immunoblot analysis of the expression of HA-tagged ZAPS and ZAP; far left lane, HEK293T cells transfected with control
vector. (c) Quantitative RT-PCR analysis of ZAPS and ZAP mRNA in HEK293T cells stimulated for 0-12 h with 3pRNA (left) or IFN-o (500 U/ml; right);
results are presented relative to expression at O h. (d) Quantitative RT-PCR analysis of ZAPS and ZAP mRNA induced by 3pRNA in human primary CD14+
monocytes purified from peripheral blood mononuclear cells; results are presented relative to expression at O h. *P < 0.05 and **P < 0.01 (Student’s
t-test). Data are from one representative of at least two independent experiments (mean and s.d. of triplicate (a,b) or duplicate (c,d) samples).

PARP superfamily members also contribute to the host inflam-
matory and immune responses to viral infection. PARP-1 functions
as a coactivator of NE-xB2728 a function for which the PARP enzy-
matic activity does not seem to be required. PARP-9 (BAL1), which
lacks PARP activity?® and is inducible by interferon-y (IFN-y), is able
to increase the expression of interferon-stimulated genes®, which
suggests a putative role in the host defense against viral infection.
However, the role of PARP superfamily members in the activation
of innate signaling pathways mediated by PRRs such as RIG-I is not
clearly understood.

Here we show that the shorter isoform of PARP-13 (ZAPS),
rather than the full-length isoform (ZAP), was selectively induced
by 3pRNA and functioned as a regulator of RIG-I-mediated sign-
aling. Knockdown experiments show that ZAPS had a role in the
induction of type I interferon genes in various human cell lines
and human primary cells. Mechanistically, ZAPS directly associated
with RIG-1in aligand-dependent manner to efficiently promote the
oligomerization of RIG-I, which resulted in much greater ATPase
activity of RIG-I and subsequently enhancement of activation of
the downstream IRF3 and NF-kB signaling pathways. Consistent
with those results and data based on zinc-finger nuclease (ZFN)-
mediated gene disruption, ZAPS strengthened the RIG-I-mediated
induction of type I interferons and other inflammatory cytokines
and inhibited viral replication after infection with RNA viruses that
involve RIG-I, such as influenza virus and Newcastle disease virus
(NDV). Our findings indicate that ZAPS has an important role as a
potent stimulator of RIG-I signaling in the innate immune response
to viral infection.

RESULTS

Contribution of PARPs to the interferon response

To investigate the role of the PARP-superfamily members in nucleic
acid-induced innate immune responses, we chose to study some of

38

the PARP superfamily members known to be involved in microbial
infection, inflammation and immunity, including PARP-1, PARP-2,
PARP-7, PARP-9, PARP-12 and PARP-13 (refs. 19,23,31-34). We then
determined whether they were able to enhance the induction of IFN-8
mRNA in HEK293T human embryonic kidney cells in response to
stimulation with the following three different types of nucleic acids:
3pRNA; the synthetic double-stranded RNA polyinosinic-cytidylic
acid (poly(rI:rC)); and the synthetic B-form double-stranded DNA
poly(dA-dT)spoly(dA-dT) (poly(dA:dT)). Among the proteins tested,
PARP-13 uniquely showed a substantial enhancement effect on the
expression of IFN-B mRNA induced by stimulation with 3pRNA,
poly(tL:xC) or poly(dA:dT) (Fig. 1a), each of which is known to acti-
vate the RIG-I-mediated pathway in HEK293T cells®1%35-37 We also
detected slightly more IFN-B mRNA expression in cells expressing
PARP-1, PARP-2 and PARP-9. PARP-13 exists in at least two iso-
forms?>2638, The amino-terminal 254-amino acid fragment of the
rat PARP-13 homolog, which corresponds to the amino-terminal
one-third portion of the shorter isoform of human PARP-13 protein,
has been identified as INZAP (rat N-terminal zinc finger antiviral
protein)®’. The expression of INZAP results in specific decay of viral
mRNA without any effect on the amount of mRNA derived from host
cells?™3. However, the role of human PARP-13 in the induction of
type I interferon remains unknown.

We first examined the role of the two PARP-13 isoforms in the
induction of type I interferon by 3pRNA. Each isoform enhanced
the induction of IFN-f} mRNA and activation of the IFNB promoter
after stimulation with 3pRNA (Fig. 1b). However, the shorter form
of PARP-13 (isoform 2; ZAPS), which lacks the PARP domain, had a
greater effect than did full-length PARP-13 (isoform 1; ZAP; Fig. 1b).
This indicates that interferon induction does not necessarily require
the PARP domain of PARP-13. Consistent with those observations,
ZAPS mRNA was induced exclusively by stimulation with 3pRNA in
both HEK293T cells and human primary CD14" monocytes purified
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Figure 2 ZAPS is a potent stimulator of RIG-I-mediated type | interferon responses activated by 3pRNA. (a) Quantitative RT-PCR analysis of IFN-o.1, IFN-g4
and IFN-B mRNA after 0-12 h of stimulation with 3pRNA in HEK293T cells transfected with control vector (open bars) or expression vector for ZAPS

(filled bars). (b,c) Quantitative RT-PCR analysis of IFN-8 mRNA after 8 h of 3pRNA stimulation (b) and luciferase activity of a p-125Luc reporter plasmid after
16 h of 3pRNA stimulation (¢) in HEK293T cells transfected with increasing doses of control vector or ZAPS expression vector. (d) Quantitative RT-PCR
analysis of IFN-B mRNA after 8 h of 3pRNA stimulation (left) and ELISA of IFN-B 24 h after 3pRNA stimulation (right) in HEK293T cells transfected with
control siRNA (siControl) or with siZAPS1, siZAPS2 or siZAPS3. ND, not detected. (e) Quantitative RT-PCR analysis of IFN-B mRNA after 8 h of 3pRNA
stimulation in HEK293T cells cotransfected with control vector or expression vector for mouse ZAPS (mZAPS) or PARP-1, plus siControl or siZAPS3.

(F) Quantitative RT-PCR analysis of IFN-cc1 and IFN-B mRNA after 8 h of stimulation with viral RNA derived from influenza virus (Flu vRNA) in A549 cells
treated with siControl or siZAPS3. (g,h) Quantitative RT-PCR analysis of type | interferon mRNA after 8 h of stimulation with 3pRNA in human primary

CD14* monocytes (g) and MRC-5 fibroblasts (h) treated for 48 h with siControl or siZAPS3. RT-PCR results (a,b,d-h) are presented relative to ACTB expression;
luciferase results are presented relative to the activity of renilla luciferase (c). *P < 0.05 and **P < 0.01 (Student's ttest). Data are from one representative of
at teast two independent experiments (mean and s.d. of triplicate (a—f,h) or duplicate (g) samples).

from peripheral blood mononuclear cells, whereas full-length ZAP
was constitutively expressed but was barely induced (Fig. 1c, left, d).
The promoter region of the gene encoding ZAP (ZC3HAVI) contains
interferon-stimulated response elements and IRF-binding elements*’.
We investigated whether expression of ZAPS and ZAP is regulated
by similar mechanisms. Treatment with IFN-o resulted in the induc-
tion of ZAPS but not of full-length ZAP (Fig. 1¢, right). These data
suggest that the mechanism of ZAPS induction differs from that of
ZAP induction and indicate a distinct role for ZAPS as a regulator
of innate immunity. Therefore, we focused on the function of ZAPS
in RIG-I signaling.

ZAPS enhances RIG-I-mediated production of type | interferon
Next we examined the effect of ZAPS in RIG-I-mediated induction
of type I interferon. Expression of ZAPS in HEK293T cells markedly
enhanced the 3pRNA-induced expression of IFN-ol and IFN-o4
mRNA as well as IFN-3 mRNA (Fig. 2a). The enhancement of IFN-f8
mRNA induction correlated positively with ZAPS overexpression
(Fig. 2b). Consistent with that result, 3pRNA induced activation of
the IFNB promoter in a manner dependent on the amount of ZAPS
expression in HEK293T cells (Fig. 2c and Supplementary Fig. 1a).
We observed activation of genes encoding type I interferons and
interferon-related genes even in the absence of 3pRNA stimulation
(Fig. 2b,c and Supplementary Fig. 1b). In contrast, ZAPS did not have
a positive effect on aluciferase reporter responsive to the transcription
factor E2F or driven by the serum response element (Supplementary
Fig. 1c) or on the induction of E2F target genes and serum response
element-dependent genes (Supplementary Fig. 1b).

To further evaluate the contribution of ZAPS to the RIG-I sig-
naling, we used an RNA-mediated interference approach. Notably,
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each small interfering RNA (siRNA) targeting a different site of
ZAPS mRNA (siZAPS1, siZAPS2 and siZAPS3) knocked down
the expression of endogenous ZAPS protein and ZAPS mRNA
(Supplementary Fig. 2a,b), which resulted in significant suppres-
sion of 3pRNA-induced expression of IFN-f mRNA in HEK293T
cells (Fig. 24, left). Knockdown with siZAPS3 also resulted in sig-
nificant inhibition of the production of IFN-f protein in response to
3pRNA stimulation, as assessed by enzyme-linked immunosorbent
assay (ELISA; Fig. 2d, right). Furthermore, the knockdown effect of
siZAPS3 could be ‘rescued’ by the expression of mouse ZAPS that
does not carry the target sequence for siZAPS3 (Fig. 2e) but not by the
expression of another PARP superfamily member, PARP-1, which did
not significantly affect 3pRNA-induced expression of IFN- mRNA
(Figs. 1a and 2e). We also examined the effect of siZAPS3 knockdown
in the following additional cell types: the A549 human lung epithelial
adenocarcinoma cell line, the HeLa cervical cancer cell line and the
THP-1 acute monocytic leukemia cell line. The induction of IFN-o
and IFN-B mRNA in response to 3pRNA or to viral RNA derived from
influenza virus was abrogated by knockdown of endogenous ZAPS
protein with siZAPS3 (Fig. 2f, Supplementary Fig. 2¢,d and data not
shown). Furthermore, the type I interferon response to 3pRNA was
significantly suppressed by knockdown of ZAPS in human primary
CD14" monocytes (Fig. 2g) and fibroblasts (Fig. 2h), which indicates
the physiological importance of ZAPS in human cells. These results
suggest that ZAPS is a potent stimulator of the RIG-I-mediated type I
interferon response.

ZAPS facilitates NF-«B and IRF3 signaling

We next investigated whether ZAPS can enhance NF-xB and IRF3 sig-
naling downstream of RIG-1. The induction of genes encoding other

39
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or duplicate (f) samples).

cytokines, such as tumor necrosis factor (TNF), interleukin 6 (IL-6)
and the chemokine CXCL10, in response to stimulation with 3pRNA
was diminished in A549 cells in which ZAPS was knocked down
(Fig. 3a). This suggests that ZAPS also activates the NF-kB pathway,
another important signaling branch of the RIG-I-mediated pathway.
Consistent with that idea, ZAPS overexpression in HEK293T cells
induced robust activation (13-fold) of an NF-kB-responsive promoter
after stimulation with 3pRNA (Fig. 3b). However, ZAPS had a lower
activating effect on the NF-kB-responsive promoter after stimulation
of TLR8 by the synthetic imidazoquinoline resiquimod (R-848;
Fig. 3¢). Dimerization of IRF3 (a transcription factor essential for
RIG-I-mediated production of type I interferon) induced by 3pRNA
was much lower in HEK293T cells pretreated with siZAPS3 (Fig. 3d).
In addition, electrophoretic mobility-shift assay showed that NF-xB
activation in response to stimulation with 3pRNA was inhibited in
HEK293T cells pretreated with siZAPS3 (Fig. 3e). Collectively, these
data indicate that ZAPS may be an essential component of the RIG-1-
mediated signaling pathway, affecting activation of both the IRF3- and
NF-xB-activation pathways.

Activation of RIG-I transmits signals to the adaptor protein MAVS,
which leads to the activation of TBK1, one of the IRF3 kinases®”.
STING (also known as TMEM173, MITA, ERIS or MPYS), a signaling
mediator possibly situated downstream of MAVS, can activate both
the NF-kB and IRF3 pathways!>!. As TBK1 can activate only the
IRF pathway after stimulation with cytosolic RNAS®715, we speculated
that ZAPS may function upstream of TBK1. Indeed, the expression of
IFN-B mRNA induced by exogenous expression of ZAPS in HEK293T
cells was abolished by siRNA-mediated downregulation of TBK1
(Supplementary Fig. 3). Notably, ablation of not only STING or
MAVS but also RIG-I in HEK293T cells, achieved by RNA-mediated
interference, inhibited ZAPS-mediated expression of IFN- mRNA
(Fig. 3f). These results suggest a role for ZAPS as a proximal regulator
of RIG-I-mediated signaling.

40

Interaction of ZAPS with RIG-1

To gain insight into how ZAPS functions as a potentiator of RIG-I
activation, we determined whether ZAPS interacts with RIG-I.
Confocal analysis of HeLa cells transfected with yellow fluorescent
protein (YFP)-tagged ZAPS and Flag-tagged RIG-I showed that
these two proteins localized together with each other mainly in the
cytoplasm 4 h after stimulation with 3pRNA (Fig. 4a). In addition,
we detected a fluorescence resonance energy transfer (FRET) signal
in the cytoplasmic perinuclear space after stimulation with 3pRNA
(Fig. 4b). These results indicate that ZAPS interacts directly with
RIG-T after ligand stimulation. In an immunoprecipitation assay,
the interaction between ZAPS and RIG-I recombinant proteins pro-
duced in Escherichia coli was enhanced in the presence of viral RNA
(Supplementary Fig. 4a). In HEK293T cells expressing hemaggluti-
nin-tagged (HA-tagged) ZAPS and Flag-tagged RIG-1, the interaction
between the two proteins was enhanced after stimulation with 3pRNA
or viral RNA (Fig. 4¢, left, and Supplementary Fig. 4b), and we simi-
larly observed such a ZAPS-RIG-I interaction after infection with
NDV (Fig. 4¢, middle). We confirmed that endogenous ZAPS protein
associated with endogenous RIG-I in MRC-5 human fibroblasts and
A549 cells (Fig. 4¢, right, and Supplementary Fig. 4¢).

We also determined that the carboxy-terminal region of RIG-I
(amino acids 218-925) but not its CARDs (amino acids 1-284) was
required for interaction with ZAPS (Fig. 4d). In addition, the car-
boxy-terminal region of RIG-I, but not full-length RIG-I, ‘preferen-
tially’ interacted with ZAPS even in the absence of 3pRNA stimulation
(Fig. 4d), which suggested that the activation-induced conforma-
tional change of RIG-1 may be necessary for its interaction with ZAPS.
However, ZAPS did not bind to either the helicase domain or the
carboxy-terminal domain of RIG-I alone (Supplementary Fig. 4d).
Both of those domains seemed to be required for the interaction with
ZAPS. In contrast, full-length ZAPS coimmunoprecipitated with the
carboxy-terminal region of RIG-1, but a truncated ZAPS lacking all
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Figure 4 ZAPS interacts with RIG-1 to positively a
modulate the RIG-1 activity. (a) Fluorescence
confocal microscopy of Hel a cells cotransfected
with YFP-tagged ZAPS and Flag-tagged RIG-I
(secondarily visualized with Alexa Fluor 594),
before () and after (+) 4 h of 3pRNA stimulation.
Top right, enlargement of area outlined at left
(bottom row); below, line scan of fluorescence
intensity of the white line (a-b) above. AU,
arbitrary units. Original magnification, x60.

(b) Intermolecular FRET (top) of the interaction
between YFP-tagged ZAPS and cyan fluorescent
protein (CFP)-tagged RIG-I in Hela cells with
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with HA-tagged ZAPS or its mutants (N1-ZAPS, e Mm@ % o5 HANAGS: e
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after 6 h of 3pRNA stimulation in HEK293T cells treated with siControl or siZAPS
independent experiments (mean and s.d. of triplicate samples in g).

four of the zinc fingers in its amino-terminal region (ZAPSAzf) did
not (Fig. 4e), which suggested that ZAPS binds to RIG-I via the zinc
fingers. In addition, surface plasmon resonance-based analysis of
recombinant ZAPS and RIG-I showed that ZAPS interact with RIG-1
even in the absence of 3pRNA, with an affinity in the nanomolar range
(dissociation constant, 116 nM; Supplementary Fig. 4e), but it failed
to enhance the binding of RIG-I to 3pRNA (data not shown).

We next determined whether ZAPS is involved in RIG-T activation.
We first examined the involvement of ZAPS in 3pRNA- or virus-
induced RIG-I dimerization or oligomerization, which is important
in activation of the downstream signaling pathway for interferon pro-
duction®?-%4, The formation of RIG-1 oligomers induced by 3pRNA or
NDV was diminished in HEK293T cells with downregulated expres-
sion of ZAPS (Fig. 4f and Supplementary Fig. 4f). These data sug-
gest that ZAPS regulates RIG-I oligomerization for the subsequent
robust activation of RIG-I signaling. In vitro biochemical analysis
demonstrated that the 3pRNA-induced ATPase activity of purified
recombinant RIG-I was much greater in the presence of recombinant
ZAPS but not in the presence of ZAPSAzf (Fig. 4g). We further found
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siControl siZAPS3

C C ZAPS ZAPSazt

RIG-! protein after the addition of 3pRNA in the presence of increasing doses
udent’s t-test). (h) Association of Flag-tagged RIG-| with HA-tagged MAVS
3, assessed as described in ¢. Data are from one representative of at least two

that the association of RIG-I with its adaptor MAVS was substantially
attenuated in HEK293T cells treated with siZAPS3 (Fig. 4h). These
findings suggest that ZAPS associates with RIG-I to positively modu-
late the oligomerization and activation of RIG-I.

Role of ZAPS in infection with RNA viruses

To further evaluate the function of ZAPS in RIG-I-mediated antiviral
responses, we infected A549 cells with influenza virus, which acti-
vates RIG-I-mediated innate signaling!®*>. We found that siRNA-
mediated knockdown of ZAPS expression impaired the induction of
IFN-f and IFN-o.1 mRNA (Fig. 5a and Supplementary Fig. 5a) and
IFN-B protein (Fig. 5b) in response to infection with influenza virus
(strains A/X-31 (H3N2) and A/Aichi/2/1968 (H3N2)). The induc-
tion of IL-6, TNF and CXCL10 was also lower (Fig. 5a). Expression
of the viral nucleoprotein was not affected by siRNA-mediated
knockdown of ZAPS in the early phase of infection (Supplementary
Fig. 5b). However, we detected approximately sevenfold more of
the viral nucleoprotein gene in siZAPS3-treated A549 cellsat 72 h
after infection with influenza virus (A/X-31) than in A549 cells
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(d) Quantitative RT-PCR analysis (left) of IFN-B mRNA induced by
infection with influenza virus (multiplicity of infection, 1.0) in HEK293T cells transfected with control or ZAPS expression vector. Right, plaque-forming
assay of viral titers after 48 h of infection (PFU, plaque-forming units). (e,f) Quantitative RT-PCR analysis of the expression of IFN-B and IFN-o.1 mRNA
(e} and ELISA of IFN-B (f) in A549 cells treated with siControl or siZAPS3 after infection for O or 12 h (e) or for O or 24 h (f) with NDV. (g) Quantitative
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t-test). Data are from one representative of at least two independent experiments (mean and s.d. of triplicate (a-c,e-g) or duplicate (d) samples).

treated with control siRNA (Fig. 5¢). Moreover, exogenous expres-
sion of ZAPS in HEK293T cells resulted in increased induction of
IFN-B mRNA after infection with influenza virus, accompanied
by considerable suppression of viral replication (Fig. 5d). We also
obtained similar results after infection with NDV (Fig. 5e-g),
another single-stranded RNA virus also known to induce type I
interferon responses via RIG-I (refs. 4,45). Our data suggest that
ZAPS exerts its antiviral activity mainly by interactions with the
RIG-I-mediated type I interferon pathway (Supplementary Fig. 5¢),
although the possibility of an indirect effect on viral replication
cannot be completely ruled out.

ZAPS mediates RIG-1 activation in human cells
To further confirm the critical role of ZAPS in human cells, we used
a ZFN approach®-48 for site-specific disruption at the targeted site

in exon 3 of ZC3HAVI, the gene encoding endogenous PARP-13
(Fig. 6a). We established two ZC3HAV I-knockout clones derived from
multiploid HEK293T cells. Genome sequence analysis showed that
clone 32 and clone 89 had the following distinct mutations in isoform 2
of ZC3HAV (GenBank accession number NM_024625.3): clone 32,
¢.1023_1047del25insGTT, c.1027_1046del20, c.1031_1032insATCCA
and ¢.1033_1034insCAATC; clone 89, ¢.1035_1036insTCCA, ¢.1023_
1047del25insGTT and ¢.1027_1046del20. All these mutations abol-
ished the expression of functional protein (Fig. 6b). In these two
genetically distinct knockout clones, NDV infection failed to induce
the expression of mRNA for IFN-B and other cytokines (Fig. 6c).
IFN-B expression induced by 3pRNA was similarly inhibited in both
clone 32 and clone 89, and this phenotype was ‘rescued’ by exogenous
expression of ZAPS (Fig. 6d). These results suggest that ZAPS has a
crucial role in RIG-I-mediated gene induction.

generation of human ZC3HAV1-knockout cells,

Figure 6 Crucial role for ZAPS in the induction a Human ZC3HAV1 isoform 2 (NM_024625.3) b
of cytokine genes by NDV infection. (a) Strategy 1 2 3 '4 5 6 7 s
for site-specific gene disruption for the I {]

showing the ZFN-targeting site in the exon 3;
ZFN-L and ZFN-R are recognition sites of the
designed ZFN pairs. (b) Immunoprecipitation
and immunoblot analysis of ZAPS expression in
parental HEK293T cells (WT) and ZC3HAVI-
knockout clones 32 and 89, probed with

IP: anti-ZCCHV 1&% %2 8
Blot: anti-ZCCHV ~ #%

Blot: anti-B-actin - s
(WCL) S

ZENR T

WT GGG CTG AAC CCC GAC

anti-ZCCHV. Bottom, immunoblot analysis e L N P D

of whole-cell lysates (loading control).

GTG GTC CAG AAC ATC CAG GAC ATC TGC AAC AGC AAG

V vV Qg N I Q@ b I € N S K

(c) Quantitative RT-PCR analysis of the E Im d

induction of IFN-B, TNF and CXCL10 mRNA g gt g2 < %0

in response to NDV infection (8 h) in parental < IZ{ z %6100

HEK293T cells (open bars) and ZC3HAVI- £ o7 & 0.7 £ 0.6 ) e 153

knockout clones 32 and 89 (filled bars). s " *i* =5 = & o7

(d) Quantitative RT-PCR analysis of IFN-B i ND?/' = _"" Footmethme % 0~ — oR e —

mRNA after 8 h of 3pRNA stimulation in el Akl Sk ZrooEozr o SRNALS e e e
WT 32 89 WT 32 89 WT 32 89 VectonrC C CCzZzzZCCZZ

parental HEK293T cells and ZC3HAVI-
knockout clones 32 and 89, transfected with

WT 32 89

control vector (C; open bars) or ZAPS expression vector (Z; filled bars). RT-PCR results are presented relative to ACTB expression. *P < 0.05 and
**P < 0.01 (Student’s t-test). Data are from one representative of at least two independent experiments (mean and s.d. of triplicate samples in ¢,d).
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DISCUSSION

The PARP superfamily has important roles in many biological and
pathological processes. Some members of the PARP superfamily are
known to directly regulate viral gene expression and replication.
However, the role of the PARP superfamily in host immune responses
mediated by innate sensors has remained unknown. In this study we
have demonstrated that PARP-13 was a regulator of RIG-I-mediated
antiviral signaling in human cells. We also found that ZAPS, the
shorter isoform of PARP-13 (ZAP), was selectively upregulated by
treatment with 3pRNA, possibly through type I interferon signaling.
In this context, it has been speculated that ZAPS may act as a posi-
tive feedback regulator in RIG-I-mediated induction of type I inter-
feron genes. Consistent with that scenario, the promoter of the gene
encoding ZAP (and ZAPS) contains interferon-stimulated response
elements and IRF-binding elements. How each isoform is regulated
differently remains unclear.

Activation of RIG-I by 3pRNA leads to its association with MAVS
and activation of the cytosolic protein kinases IKK and TBK1, which
in turn activate the transcription factors NF-xB and IRF3 or IRF7,
respectively®!%. RIG-I activation after ligand binding is thought to be
a multistep process that includes the activation of its ATPase activ-
ity, conformational changes and oligomerization*>#?, Our data have
demonstrated that ZAPS interacted with RIG-I after stimulation with
3pRNA and potently enhanced the ATPase activity and oligomeri-
zation of RIG-I, possibly by stabilizing the RNA-RIG-I complex,
although the underlying mechanism needs to be investigated further.
Consistent with that, ZAPS robustly enhanced downstream gene-
expression programs mediated by RIG-I-MAVS, including those of
genes encoding type I interferons and proinflammatory cytokines.
However, our results also indicated that ZAPS expression alone
slightly enhanced the expression of IFN-B mRNA and activation
of the IFNB promoter independently of any ligand or other stimuli.
Consistent with those data, we detected the ZAPS-RIG-I interaction
before stimulation, although it was very weak. This disconnection of
ligand dependence suggested that the ZAPS-RIG-I interaction was
sufficient to promote small amounts of signaling but that the overall
signaling program was most efficiently triggered by the binding of
ligand to RIG-I in addition to its activation by ZAPS.

Lys63 (K63)-linked polyubiquitination of RIG-I mediated by the
ubiquitin ligase TRIM25 represents another important modification
that links RIG-I activation to MAVS!”. Other mediators of protein
modification, such as ISG15, RNF125, CYLD and Riplet (REUL), also
have a regulatory role in RIG-I activation?®-52. In addition, unanchored
K63-ubiquitin chains, which are not conjugated to any target protein,
positively regulate RNA-triggered activation of RIG-I through their
binding to RIG-1 CARDs!6, Our results support the idea that ZAPS
functions as a RIG-I regulator upstream of the ubiquitin-mediated
regulatory mechanisms, although further analyses are needed to clarify
whether ZAPS participates in the ubiquitination of RIG-I.

AT-rich double-stranded DNA can be transcribed into 3pRNA
by DNA-dependent RNA polymerase I1I, resulting in activation
of RIG-I and production of type I interferon and activation of the
NF-xB pathway®®¥’. In this context, it can be presumed that ZAPS
may also enhance cytosolic DNA-triggered cytokine induction
through its positive regulation of RIG-I pathway. That possibility
was supported by our preliminary observation that poly(dA:dT)-
triggered induction of type I interferons was significantly abolished
in HEK293T cells treated with siRNA targeting ZAPS (P < 0.01; S.H,,
S.S., H.Y. and A.T,, unpublished data).

Our data showing that ZAPS was critically involved in antiviral
innate immune responses to influenza virus and NDV raised the
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possibility that ZAPS may have an important role in host defense
against many other viruses known to activate RIG-I signaling,
such as Sendai virus, hepatitis C virus and Japanese encephalitis
virus*>%3, Purther investigation of the role of ZAPS in other virus-
activated, PRR-mediated innate signaling is needed. In addition to
the important role of ZAPS in RIG-I-mediated responses in human
cells, we have preliminary data showing a function for ZAPS in
several mouse cell lines (data not shown), although this remains to
be further investigated.

ZAP has a role in the decay of mRNA derived from certain viral
subsets?0263 Our data showing that ZAPS facilitated the activation
of innate antiviral mechanisms indicate that ZAPS might exert a dual
mode of defense activity against viral infection. These activities might
be regulated differently through the ability of ZAPS to bind two dis-
tinct RNA helicases: RIG-I for the activation of host innate immune
response, and p72 for the degradation of viral RNA?>26, How these
activities are regulated remains to be clarified. In addition, because of
its dual antiviral function, activation of ZAPS could provide a thera-
peutic application aimed at enhancing antiviral responses.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureimmunology/.

Note: Supplementary information is available on the Nature Immunology website.
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Identification of molecular markers for pre-engraftment immune
reactions after cord blood transplantation by SELDI-TOF MS
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Cord blood transplantation (CBT) is frequently associated
with pre-engraftment immune reaction (PIR), which is
characterized by high-grade fever that peaks around
day 9 of transplantation. PIR mimics hyperacute GVHD
or engraftment syndrome; however, it is considered to be
of different etiology as it occurs before engraftment.
Proteomic patterns have been studied in the fields of
transplantation, but no specific marker has been identified.
As there are no data to confirm the mechanism of PIR, we
used a surface-enhanced laser desorption/ionization time-
of-flight mass spectroscopy (SELDI-TOF MS) system to
identify a specific marker for PIR. The protein expression
profile of serum samples from CBT patients was analyzed
with a SELDI-TOF MS system. A protein peak that
commonly predominated in PIR was purified by an anion
exchange column, isolated by SDS-PAGE, and identified
by in-gel trypsin digestion, and mass fingerprinting. A 8.6-
kDa protein and 11-kDa protein that increased by 10- to
100-fold in the serum of patients during PIR was identified
as anaphylatoxin Cda and serum amyloid A. SELDI-
TOF MS system in combination with other proteomic
methods could serve as a potential diagnostic tool in
discovering biomarkers for PIR after CBT.

Bone Marrow Transplantation (2010) 45, 1594-1601;
doi:10.1038/bmt.2010.18; published online 15 March 2010
Keywords: serum amyloid A; pre-engraftment immune
reactions; cord blood transplantation; SELDI-TOF MS

Introduction

High-grade fever before engraftment without any other
obvious signs of infection, which mimics hyperacute
GVHD or engraftment syndrome, is frequently observed
in patients who undergo cord blood transplantation
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(CBT).'” In previous reports, when patients with no evidence
of infection or adverse effects of medication exhibited skin
eruption, diarrhea, jaundice or body weight gain greater than
10% of baseline, these conditions were defined as ‘immune
reactions.” These reactions were classified as ‘pre-engraftment
immune reaction (PIR) if they developed 6 or more days
before engraftment, whereas those within 5 days of engraft-
ment were defined as ‘engraftment syndrome’ (1). The reported
incidence of PIR has ranged from 78-83% (1-2). This PIR
peaks at around day 9 of CBT, and is often accompanied by
high-grade fever. Although PIR responds well to corticosteroid
therapy, the prolonged use of steroid often causes an increased
incidence of infectious complications, leading to significant
treatment-related mortality, particularly in the elderly. GVHD
prophylaxis with tacrolimus, compared with CsA, is less likely
to be associated with PIR** and the addition of MTX may
further reduce the risk.> It has been speculated that cytokines
induced by the initial immune/inflammation reaction are the
primary cause of PIR, but no data are available to confirm
this supposition. To clarify this question, we evaluated the
protein expression profile of serum in CBT recipients using a
surface-enhanced laser desorption/ionization time-of-flight
mass spectroscopy (SELDI-TOF MS) system and found
potential markers for PIR.

Materials and methods

Study patients and samples

Patients who received treatment for hematological malig-
nancies at the National Cancer Center Hospital or
Toranomon Hospital between February 2002 and May
2005 were included in this study. The study was approved
by the Ethics Committee, and written informed consent
was given by all patients. A total of 78 peripheral blood
samples taken from 57 patients, including 34 samples taken
from 13 patients who had undergone allogeneic CBT, were
eligible for the analysis. Samples from CBT patients were
taken on three different occasions, that is, (1) afebrile
period before PIR onset: the median of day 3 (1-6) post
transplant; (2) onset of fever: the median of day 8 (6-13);
and (3) after resolution of fever: the median of day 26.5
(15-60). To analyze the protein profile that was specific to
PIR, samples taken from patients with documented infection



Table 1 Characteristics of 13 patients

Age
Median 52 years
Range (26-70 years)

Sex
Male
Female

~1 o

Primary disease
AML
ALL
Adult T-cell leukemia
Diffuse large B-cell lymphoma
Peripheral T-cell lymphoma-unspecified
Myelofibrosis

- B R B LA

Conditioning regimen
Flu 180 mg/m?, BU 8 mg/kg, TBI 4 Gy
Flu 180 mg/m?, BU 8 mg/kg, TBI 8 Gy
Flu 125 mg/m?, Mel 80 mg/m?, TBI 4Gy
Flu 125 mg/m?, Mel 80 mg/m?, TBI 2 Gy

—tn - N

GVHD Prophylaxis
CsA
CsA +short-term MTX
Tacrolimus

[ER IR N N

No. of HLA mismatch
1 locus
2 loci
4 loci

—\D

Day of engraftment (n=11)
Median 18 days
Range 13-29 days

Day of PIR onset
Median 8 days
Range 6-13 days

Day between PIR and resolution
Median 15.5 days
Range 7-49 days

Treatment for PIR
None 3
Empiric antibiotics 4
Corticosteroids and empiric antibiotics 6

Abbreviations: Flu = fludarabine; Mel =melphalan; PIR = pre-engraft-
ment immune reaction.

or those who were suffering from engraftment syndrome
were excluded from the analysis. All 13 CBT patients
received reduced-intensity conditioning, and graft rejection
occurred in 2 patients (16%). As for the treatment and its
outcome for PIR, six patients responded well to corticoster-
oid and seven patients improved without any treatment or
empiric antibiotics alone. One of the patients who developed
graft failure received corticosteroids for the treatment of
PIR. The mean neutrophil count at PIR was 15 (0-100)/pl.
The patients’ characteristics are shown in Table 1.

SELDI-TOF MS analysis

The relative protein expression levels were determined as
previously described with the following modifications
using a SELDI TOF-MS system (Bio-Rad Laboratories,
Hercules, CA, USA).”® The protein was processed using

[dentification of markers for PIRs after CBT by SELDI-TOF MS
Y Morita-Hoshi et al

a Biomek 2000 Laboratory Work Station (Beckman
Coulter, Fullerton, CA, USA). Samples were analyzed in
duplicate and 28 spectra were obtained from five serum
fractions with four kinds of chips (IMAC30, CM10, H50,
Q10), four different binding buffers, two kinds of energy
absorption molecules and two focus mass ranges.

Serum fractionation

The serum samples were centrifuged at 20000 x g and the
supernatant was vigorously mixed with denaturation buffer
U9 (Om urea: 2% CHAPS: 50mm Tris-HCI, pH9) for
20 min. Serum samples were fractionated into four fractions
by the following methods. Briefly, the strong anion
exchange resin BioSepra Q Ceramic HyperD F (Pall, NY,
USA) was equilibrated with 50mm Tris-HCI, pH 9, in
advance, and 180 ul per well was loaded onto a filter plate.
The loaded resin was equilibrated three times with 200 pl of
Ul buffer (U9 buffer diluted 1:10 with 50 mm Tris-HCI).
Denatured serum was added to the resin, the sample well
was washed with 50 ul of Ul buffer, and the sample was
incubated for 30 min at 4 °C. The non-binding fraction was
collected, and protein was eluted by a phased pH gradient
at pH 5.8, pH 4 and below pH 4.

Protein binding

IMAC30 (immobilized metal affinity capture), CMI10
(cation exchange), H50 (reverse-phase) and Q10 (anion
exchange) ProteinChip arrays were used for the analysis.
To immobilize copper ion on the IMAC30 surface, each
spot was incubated with 50 pl of 100 mm copper sulfate for
10 min at room temperature. Excess copper was removed
by washing twice with distilled water and incubated with
50pl of 100 mM sodium acetate (pH 4) for 5min at room
temperature. Each spot was rinsed twice with distilled water
before the analysis step.

The following buffers were used for binding and dilution
of the samples: 100mm sodium acetate (pH 4) or 50 mm
HEPES (pH 7) for CM10, 100mMm sodium phosphate
(pH 7)+0.5m NaCl for IMAC30, 50mm HEPES (pH 7)
for H50, and 50mM Tris-HCl (pH 8) for Q10. The
following procedure was commonly used for all chip
analyses: (1) Each spot was equilibrated twice with 150 pl
of binding buffer on a shaker for 5min, and excess buffer
was removed. (2) The fractionated and unfractionated
samples were diluted 10-fold with binding buffer. The
diluted samples were loaded onto a chip, and incubated on
a shaker for 30 min at room temperature. (3) The chip was
washed three times on a shaker for Smin with 150 ul per
spot of buffer. (4) The chip was rinsed twice with 200 ul of
distilled water and dried. (5) Each spot was treated with
two kinds of energy absorption molecules: 50% saturated
sinapinic acid and a-cyano-4-hydroxycinnamic acid.

Protein detection

Captured proteins were detected using a ProteinChip
SELDI system (PCS4000 Enterprise, Bio-Rad Labora-
tories). The maximum detection range was 100000 with a
focus mass range of 3000~10 000 for low MW, and 200 000
with a focus mass range of 10000-30000 for high MW.
Quantitative analysis of proteins was performed using
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ProteinChip Software version 3.2 and ProteinChip Data
Manager Software (Bio-Rad Laboratories).

Protein purification and identification

The serum samples were denatured with urea and fractio-
nated by an anion exchange column (ProteinChip Q Spin
Columns, Bio-Rad Laboratories) to remove albumin by
binding it to the column. The fraction that passed through
the anion exchange column at pH 9 was collected. The

sample was diluted threefold with 50 mm Tris-HC! (pH 8)
and loaded onto an anion exchange column to bind the
objective peak protein. The protein was eluted in a phased
manner with 50-300mm NaCl. After demineralization and
concentration, the proteins were separated by SDS-PAGE
and stained with Coomassie Brilliant Blue. In-gel digestion
by Trypsin was performed on the objective band. The protein
was determined by mass fingerprinting of the digested peaks
against the ProFound database (Rockefeller University
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Figure 1 (a) Peak intensity levels of six protein peaks that commonly increased at the time of PIR. (b) Typical response pattern of the 11-kDa protein peak

in 13 patients, in a trace view.
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edition), and the amino-acid sequence was determined using
the PCI-QSTAR MS/MS search engine.

Statistical analysis
Data were analyzed using ProteinChip Data Manager
Software. After baseline correction, MW calibration was
performed using eight standard protein molecules followed
by a total ion current normalization process. To identify
distinct and significant peaks, we used a signal-to-noise
cutoff of 2 (s/n>2), which selects peaks with a signal level
that is significantly above the calculated background noise.
For the statistical analysis, the Kruskal-Wallis H-test
was used to compare differences among three groups. The
differences between the two groups were compared with the
Wilcoxon—-Mann-Whitney U-test. Probabilities of P<0.05
were defined as statistically significant.

Results

Protein profiles

A total of 3005 protein peaks for which s/n >2 were
detected. Of these, 743 showed a significant difference
between the febrile and afebrile periods. After we further

Identification of markers for PIRs after CBT by SELDI-TOF MS
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excluded noise peaks, 469 peaks still showed a significant
difference, and after excluding variations between indivi-
duals, 19 candidate peaks that were commonly elevated at
PIR in more than 11 patients (84.6%) were selected.
Reproducibility was tested, and six protein peaks that
commonly increased at the time of PIR, with molecular
masses of 8611, 8642, 11452, 11512, 11539 and 11669 Da,
were identified (Figure 1). The assay conditions under
which the proteins were identified are shown in Table 2.

Purification and determination of target proteins

Protein peaks were fractionated by an anion exchange
column, and the elution fraction at pH 9 was used for
purification and identification because the albumin that
overlaps the candidate peak was removed from this
fraction. The protein was eluted from the column with
100-150 mm NaCl. SDS-PAGE after demineralization and
concentration of the protein showed an 11-kDa band
(Figure 2a). In-gel digestion was performed on the cutout
band, and mass fingerprinting was performed for eight
peptides with mass values of 1455, 1463, 1550, 1611, 1670,
1706, 1941 and 2097 (Figure 2b). Six of these values were
consistent with serum amyloid A (SAA), which consists of

Table 2 Assay conditions by which marker proteins were detected
MW Fraction Chip Binding buffer EAM Focus mass range
8611 pH 9 CM10 100 mm Na Acetate (pH 4) SPA 300010000
8642 pH 9 CM10 50mm HEPES (pH 7) SPA 3000~10 000
11452 Unfractionated IMAC30 100mm Na Phosphate (pH 7) SPA 10 000-30000
+0.5m NaCl
11512 Unfractionated IMAC30 100mm Na Phosphate (pH 7) SPA 10000-30000
+0.5m NaCl
pH 9 CM10 50 mm HEPES (pH 7) SPA 10 000-30 000
11539 Unfractionated Q10 50 mm Tris-HCI (pH 8) SPA 10000-30 000
11669 Unfractionated IMAC30 100 mm Na Phosphate (pH 7) SPA 10 000-30000
‘ +0.5m NaCl
pH 9 CMI10 50 mm HEPES (pH 7) SPA 10 000-30 000
Unfractionated Q10 50 mm Tris-HCH (pH 8) SPA 10 000-30 000

Abbreviations: CM 10 = cation exchange; EAM = energy absorption molecule; IMAC30 = immobilized metal affinity capture; SPA = 50% saturated sinapinic acid;

Q10 = anion exchange.

a SDS-PAGE by

Purified sample Size marker

Peptide mass fingerprinting
Candidate peak (Trypsin digestion)

S h2097.5+H
& .
g 1500 1750 2000 2250
s
%
11kDa o Control (Tyrpsin self digestion)
band
15
10
5
0 e

Molecular weight

1500 1750 2000 2250

Molecular weight

Figure 2 Representative data of SDS-PAGE and peptide mass fingerprinting from the sample taken during PIR. (a) SDS-PAGE showing the 11-kDa
band. Coomassie Brilliant Blue (CBB) staining. (b) Peptide mass fingerprinting of the marker protein.
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104 amino acids and has a MW of 11 622, or its isoforms, in
which serine and/or arginine is deleted from the N-terminal
portion (Figure 3). The amino-acid sequences of all six
peptide masses were consistent with SAA by MS/MS
analysis.

The SAA level was measured by ELISA in the same
sample that was assessed by SELDI-TOF MS. The mean
SAA level measured by ELISA before fever onset was 14 (3—
51) pg/ml, and this increased to 883 (40-2470) pg/ml at the
time of PIR and decreased to 45 (8-126) pg/ml after
resolution of the fever (Figure 4a). The data obtained by
ELISA agreed with the SELDI-TOF MS peak intensity value
(Figure 4b). Although the 8.6 kDa peak was not determined
in this experiment, it was most likely to be anaphylatoxin C4a
based on its MW (8650) and isoelectric point (9.45).

Serum amyloid A value in different conditions

Seven of the 13 patients with PIR developed acute GVHD,
and 2 patients had graft failure. The patients who
developed graft failure showed high levels of SAA at PIR
(2040 and 2390 pg/ml). The mean and median values of
SAA at PIR in seven patients who developed acute GVHD
were 677pg/ml and 451 (60-2470) pg/ml, respectively,
which were not significantly different from the values in the
four patients without acute GVHD (432 and 506 (40-675)
pg/ml) (P=0.93).

The SAA value was assessed in 24 non-transplant febrile
patients: (a) 12 samples from patients with documented
infection, including sepsis, (b) 6 samples from patients with
tumor fever and (c) 6 samples from patients with drug-
induced fever. The mean and median values and statistical
significance when compared with PIR were (a) 477 pg/ml
and 347 (31-1240) pg/ml (P ==0.63), (b) 432 pg/ml and 248

(127-1080) pg/ml (P=0.75) and (c) 49 pg/ml and 42 (31—
73) pg/ml (P =10.0013), respectively.

The SAA values during acute GVHD in other transplan-
tation settings were assessed in 20 patients: (d) 10 samples
from related allo-PBSCT recipients including 5 febrile
patients and (e) 10 samples from unrelated BMT recipients
including 4 febrile patients. The mean and median values and
statistical significance when compared with PIR were (d) 293
and 238 (19-645) pg/ml (P =0.20) and (e) 366 and 344 (31—
724) pgfml (P =0.31), respectively (Figure 4a). The level of
SAA elevation was not as high as that in PIR, but the sample
size was too small to show specificity.

Discussion

Proteomic analysis has been widely used to assess the
allogeneic response, including GVHD in hematopoietic
SCT.®"" The two most important methods that are used to
investigate biomarkers, for example, detection of early
GVHD, are SELDI-TOF MS and capillary zone electro-
phoresis mass spectrometry (CE-MS). Although the
resolution and sensitivity of SELDI-TOF MS are not as
high as those of CE-MS, it has the benefits of relatively low
cost and ease of use.” It has been reported that proteomic
pattern analysis by SELDI-TOF MS can be used to
accurately distinguish GVHD samples from post transplant
non-GVHD samples and pretransplant samples with 100%
specificity and 100% sensitivity.® Furthermore, with the
CE-MS system, 16 polypeptide patterns excreted in the
urine could be used to discriminate patients with GVHD
from patients without complications, with 82% specificity
and 100% sensitivity. In addition, 13 sepsis-specific polypeptides

a Serum amyloid A (SAA) Molecular weight 11622 104aa
|
| 1701%50 ' 1670
1 IRSFFSFLGEA FDGARDMWRA YSDMRLEANYI GSDKYFH G NYDAAKRI
—1611
—~— 1456 FJ 2097 L
51 GAWAAEVISN ARENIQRLTG HGAEDSLADQ AANKWGRSGR DPNHFRPAGL
101 PEKY
SAA
: ?
g Z - Ser— -————Arg———f\ 11641.0+H
9 4 11482.14H \ Mw
[
= 2 11396.8+H / \ Arginine (R) 156
8 0 Serine (S) 87
o
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11800 12000

Molecular weight

Figure 3 (a) Amino-acid sequences of the target protein. Six peptide sequences that matched an MS/MS database search were identical to amino acids
of SAA. (b) The analyzed peak was determined to be SAA and its isoform produced by the deletion of serine and/or arginine from the N terminus.
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Figure 4 SAA level measured by ELISA. (a) SAA level in different conditions: Before fever, during PIR and after fever resolution in 13 CBT recipients.
Documented infection including sepsis, tumor fever, drug-induced fever, GVHD in related allo-PBSCT (r-PBSCT) and GVHD in unrelated BMT (u-BMT).
(b) The data obtained by ELISA correlated well with the SELDI-TOF MS peak intensity value (n=34).

could be used to distinguish sepsis from GVHD, with
a specificity of 97% and a sensitivity of 100%.'° The
diagnosis of acute GVHD, even before a clinical diagnosis,
is possible with the use of a GVHD-specific model con-
sisting of 31 polypeptides."!

Proteomic analysis has also been applied to the analysis
of an allograft response in organ transplantation in animal
models.'>'* In a mouse skin transplant model, several
protein biomarker candidates were detected by ProteinChip
technology based on their molecular mass, which could be
used to clearly differentiate between rejection and non-
rejection groups, before a clinical manifestation.'? In a rat
small bowel transplantation model, two migration inhibi-
tory factor-related proteins and lysozyme that increased
during allograft rejection were identified by a SELDI-TOF
MS system.'® Thus, we believe that ProteinChip technology

should be a useful tool for identifying specific markers
related to PIR.

Previous studies have shown that combinations of several
biomarkers are more sensitive and accurate than the use of a
single marker in the diagnosis of an allogeneic response.'’
However, most biomarkers are not well characterized and can
only be detected by the ProteinChip system. As the Protein-
Chip system is not routinely available in clinical practice, we
thought it would be necessary to identify a marker that could
be monitored easily. In this study, SAA was identified as a
candidate marker for PIR. Furthermore, this study showed the
feasibility of quantitative analysis by the ProteinChip system,
although the ProteinChip system has previously been con-
sidered to be a tool for semiquantitative analysis.

Serum biomarkers associated with leukemia'* and
cancer'>?! have also been identified by the SELDI
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ProteinChip technique. In some of these studies, SAA has
been reported to be a potential marker for particular cancer
status. Multiple variants of SAA have been detected by the
SELDI ProteinChip technique in renal cancer patients.?
The SELDI ProteinChip technique revealed that SAA may
be a biomarker for identifying prostate cancer patients with
bone lesions, with a sensitivity and specificity of 89.5%.%'

SAA activates human mast cells, which leads to the
degradation of SAA and the generation of an amyloido-
genic SAA fragment.”® SAA is a major acute-phase reac-
tant that increases by as much as 1000-fold during
inflammation. SAA is potentially involved in the patho-
genesis of several chronic inflammatory diseases: it is the
precursor of amyloid A protein deposited in amyloid A
amyloidosis, and has also been implicated in the pathogen-
esis of atherosclerosis and rheumatoid arthritis.?*?* SAA
may be closely related to poor patient outcomes, including
left ventricular systolic dysfunction, cardiac rupture and
mortality in acute myocardial infarction.?>2¢

Some studies have suggested that the elevation of SAA
may be associated with acute allograft rejection of the
kidney,?™° liver*! and heart.>? By contrast, it has also been
reported that SAA is inadequate for predicting acute
rejection in cardiac allograft.®®> With regard to renal
allograft rejection, SAA was shown to be a sensitive
marker that rose above 100 mg/l in all cases of rejection,
whereas C-reactive protein (CRP) showed little or no
response to rejection.?” We could not confirm whether or
not the elevation of SAA was a phenomenon that occurs
with all CBT around day 9, as the value of SAA in samples
from non-febrile patients at this time point was not
analyzed. However, it is unlikely that the elevation of
SAA occurs with all allogeneic transplantation, as the
phenomenon was not prominent in patients with acute
GVHD. The possibility that the elevation of SAA was only
a consequence of acute phase change that occurs with high-
grade fever could not be completely ruled out, as the
elevation of SAA was not confined to CBT; however, the
elevation level was higher in PIR than in other conditions.
Furthermore, patients who developed graft rejection had
markedly higher levels of SAA. Although the reason for
these observations is unclear, a previous report on SAA as
an indication of allograft rejection has suggested that
inflammation and cytokine production induced by an allo-
reaction may be related to the elevation of SAA in PIR.

In the case of CBT, SAA that increases in relation to
PIR, as a factor associated with a poor prognosis of CBT,
may be related to allograft rejection. Our retrospective
study showed that pre-engraftment CRP values may
predict acute GVHD and nonrelapse mortality.>* Although
CRP elevation was also observed during PIR, SAA
elevation was more rapid and prominent. The SAA level
was above the normal limit in all 13 samples at the day of
fever onset, whereas 2 samples were within the normal limit
for CRP. The mean SAA level was 121 times the upper
normal limit at day 2 of fever onset, whereas the mean CRP
level was 10 times the upper normal limit at the same time.
SAA or anaphylatoxin C4a alone may lack specificity as a
marker for PIR. However, the further analysis of samples
obtained from CBT recipients by our method may provide
fingerprints of markers useful for the diagnosis of PIR.
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Identification of peak markers suggests that the SELDI-
TOF MS system in combination with other proteomic
methods could serve as a potential diagnostic tool in
discovering biomarkers for PIR after CBT.
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Abstract

Allogeneic hematopoietic cell transplantation (HCT) is an effective treatment for
adult T-cell leukemia (ATL), raising the question about the role of
graft-versus-leukemia effect against ATL. In this study, we retrospectively
analyzed the effects of acute and chronic graft-versus-host disease (GVHD) on
overall survival, disease-associated mortality, and treatment-related mortality
among 284 ATL patients who received allogeneic HCT and survived at least 30
days post-transplant with sustained engraftment. Multivariable analyses treating
the occurrence of GVHD as a time-varying covariate demonstrated that the
development of grade 1-2 acute GVHD was significantly associated with higher
overall survival [hazard ratio (HR) for death, 0.65, p=0.018] compared with the
absence of acute GVHD. Occurrence of either grade 1-2 or grade 3-4 acute
GVHD was associated with lower disease-associated mortality compared with
the absence of acute GVHD, while grade 34 acute GVHD was associated with a
higher risk for treatment-related mortality (HR 3.50, p<0.001). The development
of extensive chronic GVHD was associated with higher treatment-related
mortality (HR 2.75, p=0.006) compared with the absence of chronic GVHD.
Collectively, these results indicate that the development of mild-to-moderate
acute GVHD confers a lower risk of disease progression and a beneficial

influence on survival of allografted patients with ATL.
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Introduction
Adult T-cell leukemia (ATL) is a mature T-cell neoplasm that is causally
associated with a retrovirus designated human T-cell leukemia virus type |
(HTLV-1).** HTLV-1 is endemic in southwestermn Japan, sub-Saharan Africa, the
Caribbean Basin, and South America.>* In Japan, more than one million people
were estimated to be infected with HTLV-l. Although the majority of
HTLV-l-infected individuals remain asymptomatic throughout their lives, about
5% develop ATL at a median age of 40 to 60 years.*®

ATL is categorized into four clinical variants according to its clinical features:
smoldering, chronic, acute, and lymphoma types.s The acute and lymphoma
variants of ATL have an extremely poor prognosis mainly because of resistance
to a variety of cytotoxic agents and susceptibility to opportunistic infections; the
median survival time is approximately 13 months with conventional
chemotherapy,’® although encouraging results have been recently reported with
the use of novel agents such as mogamulizumab.*"!

Over the past decade, allogeneic hematopoietic cell transplantation (HCT)
has been increasingly performed with the aim of improving dismal prognosis of
patients who developed ATL."%"® Notably, some patients with ATL who relapsed
after allogeneic HCT were shown to achieve remission only with the cessation of
immunosuppressive  agents, raising the question of whether the
graft-versus-leukemia effect against ATL can be induced as part of
graft-versus-host reaction.'®?® In one study, among 10 patients who experienced
relapse of ATL after transplantation and were withdrawn from

immunosuppressive therapy, 8 developed graft-versus-host disease (GVHD)
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and 6 of them subsequently achieved complete remission of ATL.™ Similar
observations have been rarely reported in other aggressive mature lymphoid
neoplasms,?' suggesting the unique susceptibility of ATL to graft-versus-host
reactions. Recently, a combined analysis of two prospective studies including a
total of 28 ATL patients undergoing allogeneic HCT suggested that development
of mild acute GVHD favorably affected overall survival and progression-free
survival.?? However, the impact of GVHD on the outcome of allogeneic HCT in
ATL needs to be verified in a much larger cohort. We previously conducted a
nationwide retrospective study to evaluate the current results of allogeneic HCT
for ATL, and confirmed that a substantial proportion of patients with ATL can
enjoy long-term disease-free survival after transplantation; the overall survival
rates at 3 years among patients who received transplants in complete remission
and not in complete remission were 51% and 26%, respectively.® Using the
same cohort, we further evaluated the effects of acute and chronic GVHD on

long-term outcomes of allografted patients with ATL.

Methods

Collection of data

Data on 417 patients with acute or lymphoma type ATL who had undergone
allogeneic bone marrow, peripheral blood, or cord blood transplantation between
January 1, 1986, and December 31, 2005, were collected through the Japan
Society for Hematopoietic Cell Transplantation (JSHCT), the Japan Marrow

Donor Program (JMDP), and the Japan Cord Blood Bank Network (JCBBN), the
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three largest HCT registries in our country; their roles were detailed elsewhere
The patients were included from 102 transplant centers; the data were updated
as of' December 2008. The study was approved by the data management
committees of JSHCT, JMDP, and JCBBN, as well as by the institutional review
boards of Kyoto University, Graduate School of Medicine, where this study was

organized.

Inciusion and exclusion criteria

Patients were included in the analysis if the following data were available: age at
transplantation, sex of the recipient, donor type, stem cell source, agents used in
the conditioning regimen and GVHD prophylaxis, the maximum grade and day of
occurrence of acute GVHD, and the day of neutrophil recovery. Acute GVHD
was reported according to the traditional criteria,®* except that one patient was
considered to have late-onset acute GVHD at day 133; neutrophil recovery was
considered to have occurred when an absolute neutrophil count exceeded 0.5
x10%L for three consecutive days following transplantation. Patients who missed
any of these data (n=37), who had a history of prior autologous or allogeneic
HCT (n=8), who had received an ex vivo T-cell-depleted graft (n=1), who
experienced primary or secondary graft failure (n=24) were excluded from the
analysis. Since the association between the occurrence of acute GVHD and
disease-associated mortality was difficult to evaluate in the event of early toxic
death, patients who died within 30 days of transplantation (n=53) were also
excluded from the study. Among these 53 patients, 22 were evaluable for acute

GVHD: grade 0 in 17, grade 1-2 in 3, and grade 3-4 in 2 patients. Two physicians
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(J.K. and T.I.) independently reviewed the quality of collected data, and a total of
294 patients (158 males and 136 females), with a median age of 51 years (range,
18-79), were found to meet these criteria and included in the study: 163 patients
from JSHCT, 82 from JMDP, and 49 from JCBBN. No overlapping cases were
identified. Of these 294 patients, the effects of chronic GVHD, which was
reported and graded according to traditional criteria,®® were considered
evaluable for the 183 patients who survived at least 100 days after
transplantation with complete information on the type and the day of occurrencé

of chronic GVHD.

Endpoints

The primary endpoint of the study was the effect of acute GVHD on overall
survival, which was defined as the period from the date of transplantation until
the date of death from any cause or the last follow-up. The secondary endpoints
of the study included the impact of acute GVHD on disease-associated and
treatment-related mortality, and the impact of chronic GYHD on overall survival,
disease-associated mortality, and treatment-related mortality. Reported causes
of death were reviewed and categorized into disease-associated or
treatment-associated deaths. Disease-associated deaths were defined as
deaths from relapse or progression of ATL, while treatment-related deaths were

defined as any death other than disease-assocciated deaths.

Statistical analysis

The probability of overall survival was estimated by the Kaplan-Meier method.
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Treatment-related and disease-associated mortality were estimated with the use
of cumulative incidence curves to accommodate the following competing
evenis®™: disease-associated death for treatment-related mortality and
treatment-related deaths for disease-associated mortality. Data on patients who
were alive at the time of last follow-up were censored. Semi-landmark plots were
used to illustrate the effects of GVHD on overall survival and cumulative
incidence of disease-associated and treatment-related deaths. For patients with
acute or chronic GVHD, the probability of overall survival and the cumulative
incidences of disease-associated and treatment-related deaths were plotted as
a function of time from the onset of acute or chronic GVHD. Day 24.5, which was
the median day of onset for acute GVHD, was termed as the landmark day in
patients without acute GVHD. In the case of patients without chronic GVHD, day
116, which was the median day of onset for chronic GVHD, was termed as the
landmark day.

Univariable and multivariable Cox proportional~hazards regression models
were used to evaluate variables potentially affecting overall survival, while the
Fine and Gray proportional subdistribution hazards models were used to
evaluate variables potentially affecting disease-associated and treatment-related
mortality” In these regression models, the occurrence of acute and chronic
GVHD was treated as a time-varying covariate.? In the analysis of acute GVHD,
patients were assigned to the “no acute GVHD group” at the time of
transplantation and then transferred to the “grade 1 or 2 acute GVHD group” or
to the “grade 3 or 4 acute GVHD group” at the onset of the maximum grade of

acute GVHD. in the analysis of chronic GVHD, patients were assigned to the “no



