Wang et al. BMC Infectious Diseases 2013, 13:279 Page 5 of 10

http://www.biomedcentral.com/1471-2334/13/279

.
Day 1 Day a
Macrophages Mécrophages Macrophages ‘
: : : : . ‘ M
infected with M. infected with A1, infected with |, Sl
leprae + PBMCs  Jeprae + PBMCs M. leprae

\ $<0.0001 i p<0.05 p<0.005

g 534 325

p<é.005

Figure 3 (See legend on next page.)

261



Wang ef @l BMC Infectious Diseases 2013, 13:278
httpdfvww biomedeentral.com/1471-3334/13/379

Page & of 10

RIS «m@x 3

Brter

Pvalues were calb

groug on day 1, i

3 TN
NEARK

the control
on of T4, CD

afy

S
MRS

Cytokines in culture supematants

The culture supernatants from diffevent groups were
collected on days 1, 3 and 2 after the start of macro-
phage culture, The release of IFN-y, IL-2, TNF-o, IL-
12p40, 1L-18, IL-4 and 1L-13, was evaluated by ELISA
{(Figure 4}, Interestingly, the expression levels of the vari-
ous cytokines in supernatants, from different groups
showed significant differences that were assoclated with
the formation of granuloma-like aggregates and changes
of cell surface antigen expression on macrophages. In
the group with M leprge infected macrophages co-
cultured with PBMUs, the concentrations of IL-2, 1L-1§
and THF-a peaked on day 1 after infection and then de-
clined gradually, The level of 1L-12 p40 also declined
slowly by day 9. IEN-y levels were low on day 1, but in-
creased 7 fold by duy 4, and then remained unchanged
till day 9. A high level of 1L-10 expression n macro-
phages and macrophages cultured with PBMCs was ob-
served, but the expression was significantly decreased
when macrophages were infected with AL leprae as ob-
served in the day 9 cviokine expression levels, However,

when macrophages were differentiated with M-CSE the
expression of 1L-10 was significantly high when macro-
phages were infected with M. Joprae {Additional file 1
Figure 51}, -4 and IL-13 were not detected in any
groups on days 1 and 9 from the start of macrophage
cultire {data not shown). Real time PCR results further
confirmed the ovickine expression and showed similar
results except for the IL-2 and TNF-w, whose exprassion
was obssrved n control groups of macrophages infected
with A4 feprae in addition to those co-cultured with
PBMCs (Figure 5}

The viahility of M. leprae In granuloma-like aggragates
We determined the viability of AL feprae at duys 1 and 9.
when granuloma-like aggregates were observed in co-
cultures of A leprae infected macrophages with FBMUs,
wheress n cultures of macrophages infected with AL
feprae, there was no graouloma formation. The amount of
racioactive C0, evolved which reflects the rate of “C-pal-
mitic acid oxidized by AL feprae, which was measured by
a scintillation counter, No ggnificant difference in M0,
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production was observed from macrophage in either groups
on days 1, and 9. However, the amount of radicactive €O,
released from macrophages infected with M. feprae and co-
cubtured with PBMCs for 9 davs was lower but not signifi-
cantly lower than that released from macrophages infected
with M. leprae alone (Figure 6}

Discussion
In the 1960s, Ridley and Jopling pzop@aeii a histological
classification scheme for leprosy [26] At one extrems,
called the polar tuberculnid, leprosy patients show a high
degree of cell-mediated mmunity, lesions revealing well
developed. granulomatous inflammation ard rarely acid-
fast bactlli are detected. Al the other extreme, termed
polar lepromatous patients have no apparent resistance to
M. Igprae, and skin biopsies reveal sheets of foamy macro-
phages in the dermis containing very large numbers of
bactli and microcolonies called globl. Cwirently, the fore
mation and maintenance of granulomas are considered to
be critical components of the host vesponse to M. lgpae
infection, which determine not only whether primary dis-
ease oceurs, but alse the dinical manifestation. Granu-
jomna formation s studied in mouse models but e i
known about the human granuloma due to the ethical
problems of using human samples and the difficulties in
establishing a good model using hurvan cell nes,

The formation of small, rounded gianuloma-like-stracture,
was previously described by co-colture of blood lymphooytes

with autologous macrophages infected with AL mberculosis,
or BOG or stimulation with other mycobacterial antigen
such as purified proteln derivatives, These granulonm-like
struchures showed abundance of CD8# positive macrophages
with gmall round lymphocytes scattered theoughout the
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granuloma [15,16]. These models not only exhibit structural
similarities to granulomas observed in human clinical speci-
mens, but also show patterns of cell antigen expression and/
or cytokine production that appear consistent with those ob-
served in tuberculosis patients. However, the formation of
granulomas in leprosy, involving M. leprae infection has not
been previously studied in vitro. The only data available on
granuloma formation of leprosy is from the immunological
staining of biopsies of patients, and granulomas harvested
from the footpads of athymic nude mice [27].

In our model, we first infected the immature human
macrophages with M. leprae. To mimic the recruitment
of additional PBMCs which would occur in vivo, autolo-
gous PBMCs were added after 24 h and cultured at 35°
C, the optimal temperature for the growth of M. leprae
and macrophages to be kept viable. Within 9 days of cul-
ture, macrophages and T lymphocytes gathered to form
a granuloma-like aggregates with fused macrophages,
appearing as multinucleated cells, and epitheloid macro-
phages tightly linked to surrounding macrophages and
lymphocytes. However, in control groups, the formation
of granuloma-like aggregates was not observed. When
autologous T lymphocytes and monocytes were purified
and used instead of PBMCs, a similar formation of
granuloma like aggregates were observed, together with
production of the same amounts of cytokines, indicating
that T lymphocytes and monocytes are sufficient for the
containment of M. leprae in granuloma like structures.

Electron microscopy studies indicated that the tuber-
culoid lesion had an appearance of a granulomatous re-
sponse with a predominance of ECs and MGCs, and the
mononuclear phagocytes which are surrounded by a
mantle of lymphocytes [28]. In the present in vitro
model of granulomas, MGCs were prominent, and re-
sembled MGCs observed in a tuberculoid lesion. MGCs
have been described by Langhans, but the function of
" these cells in the granuloma remains to be elucidated
{29]. In this study, we observed not only Langhans giant
cells (MGCs with a circular nuclear organization in con-
trast to the MGCs formed in response to a foreign body
that lacks this kind of organization), but also the bacilli
surrounded by nuclei and restricted to the central cyto-
plasmic region. Because this type of MGC is not ob-
served in the normal mouse model, it is interesting to
further focus on the formation, mechanism and function
of such MGCs using human in vitro model or human-
ized mouse model as recently described by Heuts et al.
[30]. The in vitro model of leprosy granulomas still
needs to be investigated, and compared to that obtained
using leprosy patients’ monocytes and T cells.

Macrophages function as control switches of the im-
mune system, providing a balance between pro- and
anti-inflammatory responses by developing into subsets
of M1 or M2 activated macrophages. M1 macrophages
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are activated by type I cytokines such as IFN-y and
TNFa, Alternatively, activated M2 macrophages are
subdivided further into M2a (activated by IL-4 or IL-13),
M2b (activated by immune complexes in combination
with IL-1P) and M2c (activated by IL-10 or glucocorti-
coids) [31]. M1 macrophages exhibit a potent microbici-
dal activity, and release IL-12, promoting strong Thl
immune responses. It is the M1 population that is
thought to contribute to macrophage-mediated tissue
injury [19,32]. In contrast, M2 macrophages support
Th2-associated effector functions and exert a selective
immunosuppressive activity. M2 macrophages also play
a role in the resolution of inflammation through phago-
cytosis of apoptotic neutrophils, reduced production of
pro-inflammatory cytokines, and increased synthesis of
mediators that are important for tissue remodeling and
wound repair. We investigated the contribution of the
macrophage polarization, MGC formation and immune
responses against M. leprae in granulomas, and found
that there was a strong relationship between the forma-
tion of granuloma-like aggregates, the changes of cell
surface antigen expression on macrophages, and the ex-
pression levels of various cytokines with the macrophage
polarization. In M. leprae infected macrophages co-
cultured with PBMCs, the concentrations of IL-2, IL-12
and TNF-a peaked at day 1, while, TLR4, CD86, and
MHC molecules were highly expressed, indicating that
most of the macrophages were of the M1 subset. At day
9, in the same group of infected macrophages co-
cultured with PBMCs, the cells assembled and formed a
multilayer, granuloma-like aggregates, and the macro-
phages not only highly expressed TLR4 and CD86, but
also scavenger receptor (CD163) and mannose receptor
(CD206) molecules. CD163 and CD206 are the markers
of M2 macrophages. Therefore, the M1 and M2 macro-
phages coexisted in granuloma-like aggregates. Consist-
ent with this observation, the levels of IL-1f, IL-2, IL-12
and IFN-y were high in the culture medium, promoting
the differentiation of macrophages into both M1 and M2
subsets. The protective cell mediated immune response
is regulated by the cytokine equilibrium, while the tuber-
culoid pole is characterized by the presence of Thl cyto-
kines (IL-2, IFN-y, TNF-a and IL-12), and lepromatous
is characterized by type 2 cytokines (IL-4, IL-6 and
IL-10) [33]. Because IL-10 is an immunosuppressive
cytokine implicated in susceptibility to mycobacterial in-
fection, we examined the expression of IL-10 in more
detail. Indeed, the infection with M. leprae suppressed
the production of IL-10. However, when macrophages
were differentiated with M-CSE rather than GM-CSE
M. leprae infection further enhanced IL-10 production.
Qur results indicate that the granuloma aggregates stud-
ied here, are similar to those observed in the tuberculoid
form of leprosy. However, little is known about the type
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of cytokines that influence the formation of macro-
phages for containment of M. leprae in the granulomas
during the pathogenesis of leprosy.

We also investigated the viability of M. leprae in macro-
phages at different time points. At day 9, a number of
granuloma-like aggregates were observed in co-cultures of
PBMCs with macrophages infected with M. leprae. How-
ever in macrophages infected with M. leprae without the
PBMCs, granuloma-like aggregates were not observed.
There were no significant differences in the viability of M.
leprae in macrophage of different groups on day 1, but on
day 9, the viability of M. leprae in the group that formed
granuloma-like aggregates was slightly lower;, although not
significantly, than that of M. [eprae in infected macro-
phages without PBMCs. Evidently, granuloma-like aggre-
gates appear to benefit the host but the bacilli remained
metabolically active. The mechanism of this phenomenon
needs further in-depth analysis.

Conclusions

In summary, we have developed for the first time a
method to obtain in vitro M. leprae granulomas using hu-
man monocyte derived macrophages and PBMCs. Using
this model, we obtained some basic information about the
characteristics of in vitro granulomas. In addition, the via-
bility of M. leprae in granuloma-like aggregates remained
unaltered during the culture period. Effective strategies to
allow the bacilli to succumb to the formation of granu-
loma may assist in the primary control of the infection.

Additional file

—
Additional file 1: Figure S1. Measurement of IL-10 secreted into the
culture medium by ELISA. Measurement of IL-10 secreted in the culture
medium from different groups of cells at days 2, 6 and 9 is shown, Two
types of macrophages were used to analyze the data. (A) Macrophages

differentiated using GM-CSF, and (B) macrophages differentiated from
monocytes using M-CSF. Representative data from two individual
experiments of a single donor are shown. Unpaired student’s t test was
performed, *p < 0.0001, **p < 0.001, **p < 0.05.
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Hideki Hara"?, Kohsuke Tsuchiya'?, Ikuo Kawamural, Rendong Fang', Eduardo Hernandez-Cuellar?,
Yanna Shen'?, Junichire Mizuguchi®, Edina Schweighoffer?, Victor Tybulewicz* & Masao Mitsuyama’

The inflanunasoms adaptor ASC contribules to innate Immunity through the activation of caspase-1. Here we found that
signaling pathways dependent on the kinases Syk and Ink were required for the activation of caspase-1 via the ASC-dependent
inflammasomes NLRP3S and AIM2. Inhibition of Syk or Juk abolished the formation of ASC specks without affecting the
interaction of ASC with NLRP3. AST was phosphorviated during inflammesome activation in a Syke and Ink-dependent manner,
which suggested that Syk and Ink ave upsiream of ASC phosphoryiation, Moreover, phosphorylation of Twl4d in mouse ASC was
critical for speck formation and caspase-1 activation. Our resulls suggest that phosphorylation of ASC cordrols Inflammasome

activity through the formation of ASC specks.

Inflammasomes are large multiproteln oligomers that serve oritical
roles in host defense against microbdal pathogens and the develop-
ment of nflammatory disorders b Hitating the secretion of proin-
flammatory cytokines’. Core components of each inflammasome are
pro-caspase-1 and a cytosolic pattern-recognition receptor belonging
to the Wod-Hke receptor (NLR} family or the HIN-200 family, which
containg a pyrin domain or a caspase-recruiiment domata (CARD.
Inflarnmasome complexes are believed to be assemided after the
recognition of specific stimuli by the receptors®®, Once sssembled,
inflanunasomes serve as platforms for the activation of caspase-1,
which in turn cleaves the precursor forms of Intertenkin- 15 (IL-1f)
and IL-18 to their boactive forms®,

Different subsets of inflammasomes are soibvated by different stim-
uit. The NLEC4 inflammasome is activated by flagellin and the type III
secretion apparatus from bacteria®7. Anthrax tethal fosin produced
by Bacillus anthrocis triggers activation of the NLEPIB toflamma-
some i mouse macrophages®. Activation of the NLEP3 inflamma-
some depends on g priming step (signal 1) and an activation step
{signal 2)°. Signal 1 can be induced by signaling vis Toll-like receptors,
whereas signal 2 is induced by microbial components with diverse
molecular stractures, such as microbdal RNA and toxins' ™, In addi-
tion, the adjuvant alun snd endogenous danger-associsted mulecudes,
including ATP and monosodinm urate (MSU} arvetals, also induce
signal 2 for the activation of the NLRP2 inflammasome!®1313 A1M2
and IFLL6 sense oytosnlic DNA and nuclear DINA, respectively, and
DA virusestt, Francizelly tulavensis’™, Listeria monocytogenss'&Y
and Streptococcus prensmiae'® have been demonstrated to activate
the AIM2 inflamraaseme or IFIIE inflammasome? in host cells.

The adaptor ASC (PYUARD or TMS-1) is compased of a pyrin

domain and o CARD and contributes {o the assemnbly of inflanma-
some complexes™, A5C serves as the bridge between pro-caspase-1
amd pyrin-containing inflammasomes, such as NLEP3 and AIMEZ.
Accordingly NLRPS and AIM2 require ASC exclusively for the recouit-
ment of pro-caspase- 1, while the CARD-containing receptors NLRC4
and NLEP1 con directly Interact with pro-caspase-3 {refs. 17,21}
During inflansrsasome activation, ASC alss forms cyiosolic macra-
molecalar aggregates of ASC dimers called ‘ASC specks) ASC foct’
ar ‘pyroptosomes 23, The ASC speck recruits snd activates pro-
caspuse-1, which leads to the secretion of large amounts of 118 and
11-18 and ro pyroptosis, a form of programmed cell death, However,
ASC s not abways essential for cytoldne processing and the induction
of ?E’i‘apmsis via the NLRC4 inim‘s}mawmﬁ In addition to protein-

{ref 25 }3 umdemmui serine ;%mif’dw«f" zmé E«zm ;m/"

PRC-8, PKR, Sk, Lyn, PIGIE, Erk and DAPY, inthe ac{iva’i‘mn iy
,.c,g,uiai:(m of inflarmumesomes, but how these maolecules participate in
inflamumasome sctivity remains hargely unclean

Given the Importance of the protective and pathol
inflamrpasomes, it worth carifying what and how signaling factors
are involved in the activation of Inflanmasomes. ¥ e found that
the NLRPS and ATM2 inflannmasomes, bt not the MNLRC4 T
masome, required Svk and fok for thelr full activity, Inhibition of 8y
or Ink abofiched the MLEP3- or AIM2-mediated formaiion of A\a(
specks without affecting the inferaction between ASC and WNLRPS.
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We also found that ASC underwert Syk- and Jnk-dependent phos-
phorylation and that Tyrl44, one of the possible phosphorvlation
sites, was critical for speck formation. Our results indicate the phos-
phorylation of ASC may he an additional target for controlling inflasm-
masome activity,

RESULTS

NLRP3Z and AIM2Z require Syk and Jnk for IL-18 sseretion

To examine the role of kinases in inflanunasome activation,
we assessed the effects of a series of common kinase Inhibitors
(Supplementary Table 1) on the NLEP3, AIMZ and NLRC4 inflane-
masomes in peritoneal macrophages. To rule out the possibility
of effects of the inhibitors on signal 1 delivered by priming with
hpopolysaccharide (LFS), we added the inhibitors to macrophage
3 b after the inftlation of LPS priming. Those inhibitors did
aot affect the abundance of the inflammasome components or of
pro-1L-18 or pro-IL-15 at the protein level (Supplementary Pig. 1a).
We measured IL-1% secretion as an indicator of caspase-1 activation,
as pro-1L~18, unlike pro-1L-18, is constitutively expressed In macro-
phages®h. The nigericin-induced secretion of IL-18 from macro-
phages was significantly lower after pretreatiment with an inhibitor
af vk or Ink, but not after pretreatment with inhibitors of other
kinases, than after pretreatment with dimethyl sulfuxide, as a control
{Fig. 1a). We obtained similar results with mouse bone marrow-
derived macrophages and the UR37 human macrophage cell Hne
{Supplementary Flg. 1b,¢), which excluded the possilsility of macro-
phage type~ and species-specific effects. The production of 1L-18
induced by alam, another NLRP3 activator, was also diminished by
pretreatient with an inhildtor of Sk or Jok (Supplementary Fig. Le),

G

18 (pgind

B8 {pgimily

OO AR G DO
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Figure 1 Svk and ok ere reguired for 1L-18 secretion medinted by NLRPZ and AJM2 but not thet me
oy NLRCA. Enzyme-tinked immunosorbent assay of iL-18 {a-d,1-k) and H-16 {8 in periton
{mdegiorforhy

primed for 4 b with LP3, {ollowed by stimulation for 90 min with niger

flageliin (o) or infection for 6 howith S Typldmurium (8 or In unprimed me

pohldA:dTs (.8, k) or infected for 24 hwith M. fuberculosis (3 or L. monoccyiogenes k), withou inhibitors {d-h

ar with addition of the Syk inhibitors R46E {1 uhM), &
the Sre inbibitor PR2Z {8 ab), the Jok inhibitors 8PS
the p3R inhibitor SR2035BR0 (S8; 10 uM), the Bk inhibitor FR18U
worbrannin (WO 10 oM} {horkx

vicinhibitor 1{Sh 1 ub) and BAY 61-3606 (BAY;, 10 udd),
125 (8P, 40 ybd) and TAT-TIIP,
G4 (FRy 10 pl) and the PHIK inhi
tad avas) to the cultures 1 before stimudation or infect
activation (a-o.i~k) Expt, experiment. *F < 0,01 and *¥F < G001 {one-way analysis of vartanos [ANOQVAY with

Bonferront's multipte-comparison test (a-o.g-k0 or two-tailed unpaired #est with Welehs correction {311, Data ave reg

which suggested that Syk and Jnk contributed to activation of the
MLEPS inflammasoms, Moreover, we found that the praduction
of IL-18 induced by the synthetic B-form double-stranded DMNA
volv{dA:AdT), but not that induced by fagellin, was substantially
inhibited by pretreatroent with an lnhibitor of Syl or Tnk (Big. 1b.0),
To contirm the rale of Svk and Ink in this. we need small interfering
BNA to kaock down the expression of Svk or the genes encoding
inkl and Ink2 (Maph$-2MapkS) in macrephages, and also assessed
macrophages with knockout of Syk, Mapk8 or Mapks, and found that
efther kneckdown or knockont decreased the secretion of IL-18 in
respanse to niger or poly{dA:dT} (Fig, 1d-h and Supplementary
Fig. 2a-d). Also, the nigericin-induced secretion of IL-18 from mac-
rophages was reduced by an inhibitor of Syk or Ink or knockeont of
either Syk or Mapk8-Mapk$ (Fig. 1o and Supplementary Fig. 1d).
Those observations suggested involvernent of Svk and Ink in active-
tion of the NLEP2 larmasomes. Syk é '

=

3

s ATM2 in < deticien;
raphages resulted in o moderate decrease in the secretion of IL-18
and [L-18 induced by nigericin (Fig. 1d,e). which indicated that Svk
was not 3 ritical requirement for activation of the WLRP2 inflam-
masome but instead contributed to thet. Selmonelle enterica
serpvar Typhimuriom 14028 (3. Typhimurium) arsd Mycobacteriun
shercudosis strain FI37Ry are recogrized malnly by NLRO4 and NLRP3,
vely, while Lisferia menocyfogenes strain EGD is vecognized
rious receptors, Inchiding AIM2 and NLRPZ {refs. 6,17,33)
Consistent with the results reported above obtained by stimulation
by Bpands, 1L-18 production induced by 5 Typhimurigm was not
affected much by inhibition of Syk or Ink in macrophages, whercas
11-1% production induced by M. suberoulosis or L. monocytogenes
was reduced by Inhibitlon of 3vk or Ink {Fig. 13-k, From these

Expt 3
LPS + ndgasicin

fpgfmdl

18 4

macrophia
th encapsuisted
Hmulated for 3 b with

hitor
Wy for inflammasnimne

independant experiments {a-§1-k} or two Independent expariments (gl mean and 5.d. of triplicaiesh,
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Caspl 18 Caspi pil

Ciaopet pAS
MNLRPE
ASC

Caspi pas
ABC

NLRP3- and AlME-mediated &
of caspase-1. immuneblot analysis of Caspl pi0
infiarmasome moeleculss in peritones! Caspi pd
macrophages primed for 4 b with LFS, ollowsd &
by stimudation for 84 min with nigericin (a,2.8)
or for & b with encapsulated flageliin {eh or
S Typhimurium (d) o in unprimed macrophsges
stimutated for 2 b with polygfedTs (68}, withoud inhibitors (e-h) or with i

o the coifiex 1 b before stinulation (3} Caspl, caspase-1 (pl0, subuniy; 45, pracursso)
spendent srperiments (&8 or fwo independent experime

supernatant. Dale are representative of 2t least three Ind

vesults, we concluded that Svk and Juk conwributed to the activ-
ity of the NLEP3 and AIM2 inflammasomes but not that of the
KLRCH inflanomasome.

Caspase-1 activation requirss Syk and Jnk
Next we sssessed the involvement of Syk and ok in the activation of
caspase-1 via the NLRPS and AIM2 4
caspase- 1 buduced by ndgerichn, shum wr poly{dax

a3 LRE 4 nigericis (30 miny b

FIO8

ASG s
NLRP3

]
"}

Buctai

PLA algnads ifold

RS + nigericin
€3G min} o
’ LPE » niguicin

ol-positive

AL spe

) o L
F

Figure 3 Requirement for signaling viz Syk and Jrk for ASC aggregatinn. {g-

complexes {a,b), ASC staining {o-f) and bnmuncbliot analysis of ASC gl i

for 4 h with LPS, foliowed by stioudation for various times {above) with nigericin in the presen

n {0} nuclel,
sontrod cells veatert with selvant.

{d-§) Guantification of cells with ASC specks, presented ralative 1o that of control cells treated with solvent or

§ fractions {right

ing In wnprimsd mecrephages

kinasa inhibitors. {a,0) ASC-BLRPR complexes, rad &) ASC, g
{b) Quantification of PLA signals per call, presented el

ve to tha
witd-type ceils, {g b} Trifon-soluble (8} and Triwen-insoluble
ted with disuccinimidyt suberate {1 + DSS; h). (3,)3 ASC
P 04801 (Kruskal-Wallls test with Dunn’s mu

aived Sest with Welch's ’
intependant experiments (e, LE mean and «.o of triplicates in b,¢-4,150
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macrophages was almost completely abolished
in the presence of an inhibitor of Syk or Jok
but not in the presence of inhibitors of other
kinases (Fig. 2a.b and Supplementary Fig. 1), In contrast, we did not
observe effects of those two inhibitors on the activation of caspase-1
induced by fagellin or S, Typhimurium (Pig. Zo,d). Parthermare, acti-
vation of caspase- 1 induced by nigericin or polytdA:dT) was reduced in

Svk- oy Ink-defictent macrophages and by knockdown of those kinases

Caapt psg

LES + nigaricin

I LPS + nigerich

{98 ardn}

408

Haaid

derge

. g(}?igﬂxmar
3

DMGO  Ra

e DHmsr

. MEMQIONE

hY i sit PLA of ABG-N

ankwg

ttoneal macrophagss primed b
oo of abmenns of &

siue {a,0) 3 bars, 10 unn

s g or Triton-insoiuble fractiong
wiiated for R h with poly{diudT), p )

ipte-comparison test (4,1, two-talled
it experiments {a-d,g.h) or twn
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Figure 4 Phosphorylation of ASD in macrophages
after activation of the inflammasame.
{a} mnmmem ami ;mmmmbi@‘t ainal
of phosp
{Lys) and tim e utms: (Emim
{Fiow) fractions of paritonsal macrophages primed
for 4 hwith LPS, followed by no stimulation (-}

iﬁ?"”:s + o+

o stimulation f+> for 60 min with nigericin and 5 a0 60
then fractionation throwgh 3 column containing

a resin that binds phosphorylated proteins.

-ASC, antibody ts ASC; «-p-Tyr, antiboddy 1o phosphorylated

tyrosine. (b-g) Phos-tag BSA of phosphorylated (n-) and {otad ASC In

Triven-soiuble and T’t‘t(&ﬁ -insoluble fractions of perifoneal macrophages
privaed for 4 b with LPS, followed by ne stimulation or stimutation for

&0 min with sigsticin (b-e}, or of unprimed m aﬁmphaﬁcs Hmutated
for 2 b with polyldA:dT) (8.8, analyzed by SDS-PAGE with {+) of

thres rajer

%

without () Phos-tag (eft ¢ i filled Iriangles indicats
bands with different mobitity, Fractions were dissolved in 300 ui (8
ar 50w (1) B0S sample buffer (bd-g), w5 i afty PLA of peritoneal
macrophages primeid for 4 b with LPS, foliowsi! by shimulation for

50 rain with nigericin (8,3} or of unprimed macrophages stimulated for -2

i, Scale hars, 10 pum. (L&) Results prasenied
s multiple-compar

Ink (ASC + p-dnk); blue, nue
=P (3.001 (Kruskal-Watlis test with Duna
Data are representative of two (3,0,0-g) or Haa th,4,h-k} ind

mediated by small in ing RNA (Fig. 2e-h and Supplementory
Fig. Ze.). The activation of caspase-1 induced by M. fuderculosis or
L. fr.rmim;}ziogmes in macrophages was lower after trestment with an
inhibitor Syk or ok than after treatment with the dimethyl sulfoxide
contral {data not shown). These results suggested that Svk and Juk
signals were involved in the activation of caspase- 1 through the WLRP2
and ATM2 inflammasomes but nat i the KLRCA inflammasome-
dependent activation of caspase-1.

Syk is nol reguired for NLEPS inflammasonms in dendritic cells
It has been reported that Syk is not reguired for nigericin-induced
activation of the NLRPS inflammasome in dendeitic colls®®, Consistent
with that report, we observed no significant difference between
wilid-type and Svk-deficient bane .mearmw«--(iexiveé, dendritic cells
in ¢aspase-1 activation or IL-18 secretion in response to pigericin
{Supplementary Fig. 3a.0d). In contrast, 1L-18 secretion and
caspase-1 activation Induced by nigericin were lower in Syk-deficier

k)

o Sest (1} o ong-way ANDVA wi
tependent experiments (mean and s.d. of by

s

[ mm\

§ ASD + pudnk serge k
MNors
1
Y
PotyishbedT K
{1hy 2
&

Poiy{dadt

Fobyddfodd
2n) ’

Gk Red, o
dated co
fetkege-Kramer mdh

i with poiy{dfudTy
velative ;

feih d lg«;, tde and 2o and Supplementary
ment for SyRin NLEPS acti-
1 type specific.

than in é}*n
Fig. 3b.e). Thi
vatlon In respmm ‘E« mgericm WS Ce

b

Sykoand Ink regulate inflammasomes vis unknown pathways

We investigated whether inflammasome-activating agents induced
activation of SyK and Ink, asse:
dnases, Stirmudation with nigericin or pviw dds ﬁ’I 7 indnced detectable
fevels of phosphorylated Svkand Ink (Supplementary Pig, 4a-d). The
phosphoryiation of Ink induced by nigericin or poly{ AAET) was nat
redaved by inhibitars of Sk or i Syk-deficient peritoneal macrophages
{Supplementary Fig. de-g}, which suggested that Sykis not upstream
of Ink in this process. Syk is reported to serve a pivoial role in sctiva-
on of the NLRP3 v"aﬂamma some in 1:5530;1 et Cand
inducing i : : i :
dependent actl

vation of th
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Figure & dentification of amine acid rasidues
in ASC critics! for #s biolkogical activiti
{a,b} Ergyme-linked immunosorbent of
H-18 in HEKR93 calls 48 b after reconstitution
by transtection of empty vactor (EV) or vectar
anveding Flag :
{key} along with emply vecor or vector encoding
Flag-tagsed witd-type (W) or mutant ASC
; horizents! ares), plus veclor envoeding

& (30 ng) snd peo- 12318 (100 ngh.
CESBEAT with the addi
fon T1Z8A, (o]
s {00} and quantif o fad of A5 in
mi-soiubie ang T i fe fractions (0.4}

and disuccinimidyl suberate-tresled

o Triton-inscolubln ractions (&) of reconstituted
HE 5 48 b after transtection of
emply vectoy oy veclyr snooding Flag-tagge
MLRPI{B28EW) tlaft margin (&), fop b &
above lanes fa)} along with veotor encading
g Flag-tagged wild-type or mutant ARC (st
margin (o), eloontal axis (d) o ahove fanes {23y
i1 4, band intensity of insciuble &% is
presented relative 1o that of soluble ASC.
{5 ASC staining In HEK2S83 oslis treated s
i1 o e, ARG preer, frans
{visualized by transfection ¢
encoding gresn fumrescent prote

¢ Cirper

G

v MONTIMSY

B e-ASD

GO WY Y44

QFF

A

observed that wild-type and CARDS-deficient macrophages proaduced
similar levels of IL-18 In response to nigericin or poly(dAdT) and that
the ROS scavenger BHA did not sffect activation of the AIM2 inflam-
masome in macrophages (Suppleraentary Fig. 4h-1). Morcover, the
expression of mitochondrial BOS, which Is important for the sctivation
of WLRP3, was ot reduced by an inhibitor of vk or ok in nigericin-
stimuduted macrophages (Supplementary Fig, 4K). These results indi-
cated that Svk- and Ink-dependent activation of the nflammasome
is nt mediated by ROS or CARDS and that Syk and Jok operate fna
different pathway(s).

The formation of ASC specks requires Syk and dnk

Both NLRP3 and ATM2 require the common adaptor ASC to recrult
and sctivate pro-caspase-1 (refl 1), We thevefore speculated that Syk
and Ink might be jovalved in the interaction of ASC with NLER3
ar AIM2Z. To investigate that possibility, we visualized ASC-NLEPS
complexes by an i sty proximity ligation assay {PLA). As repovted
before®, we observed small spots of ASC-NLRPS complexes in
peritoneal macrophages, and these increased in abundance afler
stimulation with nigericin (Fig. 3a). The abundance of spots was not

MATURE IMMIUNDLOGGY VOLUME T4 NUMBER 12 DECEMBER 2013

&), Data are from
ang expariment representative of three
independent sxperirnents (mean and s.d. of
cates i abad

ineressed by stimulation with migericinin the
absence of ASC or NLEP? {data not shown),
whtich suggested that ASC-NLEP3 complexes
were specifically visualized by this technique.

After stimulation with nigevicin, the number

of speds representing ASC-NLEPS complexes

was sirailar In macroplages pretreated with an

inhibitor of Svk or Ink and those pretreated

with dimethyl sulfoxide (Fig. 3a.b), which
indicated that inhibiton of Svk or Jnk did not affect the interaction
between WLRP3S anud ASC, e ceftical step in formation of the NLRPS

inflarunasome, I macrophoges sthntlated with nigerichn, Dlext we vis-

uatized the formation of ASC specks and found that prefreatment with

an Indidbitor of Syk or Ik or deficiency i either Syl or fuk reduced the

nigericin-induced formation of ASC specks in macrophages (Fig. 3¢-f
and Supplementary Fig. Sa.b). Becouse ASC has been reported to

form Triton X-100-resistant aggregates?®, we prepared Triton
H-100-soluble and Triton X-100-toschable fractions from macrophages
o analyze the distribuation of ASC, ASC was almost undetectable in
the Triton X-100-insoluble fraction of LPS-primed racrophages bt
was significantly greater in abundance after stimulation with nigericin
{Hg, 3g). Moreover, mast ASC in the Triton 3-100-insokuble fraction
was @ dimer or oligomer’® {Fig, 3k}, Pretreatment with an ishibitor of
Svkor Inkreduc distribution of ASC induced by ni in and
also resulted In g decrease {n the amount of dimerized and oligomer
ized ASC (Fig. 3g.h). We oblained sbmilar results for macrophages
stirndated with poly(d AT (Fig. 314 and Supplementary Fg, Sc-£).
These results suggested that signaling by Sykand Tnk was required for
the formation of ASC specks but not for the MLR-ASC interaction,
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Phosphorylation of ASC after inflammasome activation

A published report has implied that ASC undergoes phosphoryla-
tion in response to inflammatory stimuli®, To investigate whether
the aggregate formation of ASC was regulated by its phosphoryia-
tion mediated by Svk and Jok doring inHammasome activation, we
enviched phmphersiaiad proteing from macrophage tysates through
the use of a column contsining g phosphorylated protein-binding
resin and then detected ASC by bmmunnoblot analysis. We observed
that stimulation with nigericin induced an increase iny the amount
of ASC in the elution fraction {with enrichment for phasphoryiated
proteins; Fig. 4a). To further analyze the phosphorylation of ASC,
we obtained Triton X-100-soluble and Triton X-100-insoluble cell
Iysates and analyzed them by a mobility-shift assay (MSA) based
on the phosphate-binding tag Phos-tag™. In these gels, A5C in the
Triton X-10-insokuble fraction migrated more stowly than that in the
Triton X-100-soluble fraction, and the shift in mobility was reversed
by phosphatase treatment (Flg. 4b,¢), which suggested that ASC in the
former fraction was phivpharylated. We observed the dowly migrat
Ing ASC in the Triten X-100-insoluble fraction of caspase-1-deficient
zzagect‘op}mges but not In that of NLEP3-deficient macrophages, after
stimulation with nigericin (Fig. 48), which suggested that the increase
in phospborylated ASC in response to nigericin required NLRPS
but pot caspase-1. ASC may be phosphorviated at saudtiple sites, as
we detected three major bands with different mobility {(Fig. 4e-g).

Figure 7 ldentification of phosphorylation sites in ASCL (g} Phos-tag
of reconstituted HEKI93 cells 48 h after transtection of vactor en
Flag-tagged wild-type ASC (80 ng) plus emply vector of vector encoding
Syk (300 ng) (S} or Jnkl (300 ng and Jnk2 (300 nigd () or vectors
enoding Svk, doki snd dnke (840} {b) Phos-tag MSA of reconstitutad
HEK293 cellx 48 h after transfection of vector sncoding Flag-tagged
wild-type AST plus empty vector or vectors encoding Syk, Jinkl an w Jokd
foliowed by no freatment (-} or treatment with phosphatase {+
tag MSA of reconstituied HEKZ9S cellx 48 h after tranzfec
arcoding Flag-tegged ASCIY 144F) plug ventors as in a @bova
{d} Phos-tag MSA of reconstituted MEKZ242 cells A8 h after ransfection
of ve or encoding Flag-taggad wild- 13,;@ w mutart ASC (op) plus emply
ventor -} or vector dnkl (300 ngiang § {200 ngd (4, Data are
re;}*eser»ta*i ve of three independent m\pmmmnts

Figure & Critical roles of the possible phosphoryiation sites of ASC in

macrophages. {a-0) Imnunebdet analysis of inflammasome moelecules {al,
ALC staining () and qua :n of ASG specks ff;) iﬁ raconstituled
RAWZ64.7 cells S hafter t Fection of vector ¢ 2
NLRPI{RZSEW) plus smply vecior or vector f»r;vcdmf u;rs»tyw or mumrt
ASC (ahove !ams or smamc {a,lu} 03 ford _m‘ze’ axi ;\ ab? ASC, g :

i mmwv Ppca*cr
iz of vach

aphagoﬁ Gh cﬁnr nromtetu on
~tagged NLRPI{RZERW) plus smph
agsed ASC {presentad as in ol

{one-way ANOYA with Bont
ave from one experiment rg
ta {mean and 5.4, of riplic

transtection

SO ,;afzwn m z(c s%ﬂ b
three independent experim

2R HE cé}

In addition, deficiency in cither Syk or Ink decreased the intensity of
the ASC band with the lowest mobility in the Triton X-100-insolubde
fraction of macrophagy )
{Fig. 4d-g). We obtained stmilar of Sykor Ink
{data not shown). These data suggested that ASC was phosphaorylated
after activation of the NLRP3 agaé AIMZ inflnmasomes vis the Syk
and Jok pathways, Svk and DAPK have been shown 1o associate with
the NLRP3 inflammasome complex®®, Accordingly, we analyzed
the interaction of ASC with phosphoryiated Jok by in sifu P LA We
ohserved complexes of ASC with phosphoryiated Ink in wild-type

macrophages {Fig. 4b-k}, but not in ASC-deficient macrophages
{.mga ive um@mi. ta not shownl, after stimulation with nigericin
or poly(da:dT). Motably, most of the camplexes were located in ox
around the nucleus at later thne poings (Fig. $hj). These data sug-
gested that ASC was phosphorylated after activation of the NLRP3
and AIM2 inflammasomes via the Syk and Jnk pathways,

Phosphorylation of ASC is critical for inflammasome activation
We next sought 1o identify ASC-phosphorviation sites that regu-
late the aggregate formation that resuls in activation of caspase-1
We detected 14 or 8 possible phosphorvletion sites, respectively,
in mouse ASC with ?;\R,E?h{} (» neural network-based rethod jor
predicting potential phosphorylation sites at serine, threonine or
tyrosing residues; verston 2.0} at a threshold of 6.5, or with GBS
{n group-based prediction system for the computational p":"(i?("?sﬂ“
of phosphorylation sites with their cognate kinases; version 2.1.1}
with the low threshold (Supplementery Fig. & and Supplemeniary
Table 2}, We constracied a series of expression vectors encoding ASC

o ABC (Y14367

i e FLAL

JOkIS2 SORER w

Bhua-tag ()

b

Phosphatass

Phos-tag (4 AT el 1B -ABT

SoKE B wFlag
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Figure B fnvolvement of Syk and ik in intlammatory responses to MSU inwive,

{a-1) Absolute nursber of peritonest exudate cells (PECS) (a.d,g5, G- F480

reutrophiis (e bl and FABT moenocytes-macrephages (0,61 in the peritoneum of
chimeras {identified (horbzontal aves) by cells used for raconstiiution) & h after intraperiionesl
injection of MSU (a-.g-1} o alurn {&-§). Each symbol reprasents an individual mouse

izontad Hines indivate the meen (Xs.d L *P< 0

{n= & per groupy; small i

Gwo-talled unpaired Marp-Whitney test {a,c), two-tailed unpaired Hest with Weleh's correction
test {g) or Krusksl-Wallls tost with o 9

{h,d-F}, one-way ANQVA with Borderroni multiple compariso

Duine's musttiple comparisen test (D). Dala are representative of one experiment.

mrtants in which aming acid residues predicted to e phosphorylated
were replaced with alanine or phenylalaning, then assessed the
ability of those ASC paoint mutants to induce IL-18 secretion in an
inflammasome-reconstitution system based on HEK293 human
embryvornde kdoey cells Supplomentary Fig. 7ab), We observed
that the ability of the point mutsnts ASC{E584), ASC{TI254),
ASCIY144F) or ASCITIBLATI32A,51534) to induce TL-18 secre-
ton in response to NLEP3(R258W), a disease-associated mutant of
WLRP3, was slightly lower that of wild-type ASC (Fig. Bab). We
further altered the AR 8A) mutant by the adiditional substitution
T1284A oy with the three additional substitutions of TISIA, TI524
and 81534 (ASC{58,151-153)) and found that IL-1B-Inducing ahil-
ity of the resnliing ASC mutants was significantly lower than that of
ABC(S58A} (Fig, 5b). Purthermore, ASC{Y 1448 and ASCIE8,151-153}
showed Less redistribution into the Triton X-100-insolable fraction
in response o NLRPIR258W) than did wild-type 48C (Fig. 3¢.4d).
ASCIY144F) and ASC{5%,151-153) were still able to form dimers
and oligomers in the Triton X-100~insoluble Fraction (Fig. 8¢}, pro-
bably because those substitutions affected the redistribution of ASC
without affecting its dimerization or oligomerization, Moreover, we
found that ASC{Y144F} expressed together with NLRFI(RI53W}
formad almost no aggregates, in conirast to wild-type ASC expresse
together with WLRP3(RISEW (Fig. 561 These resulis suggested that
Tyrigd, Serd8, Thri1sl, Thris2 and Serls3, all putative phosphoryia-
tion sites of ASC, were involved in both IL-1J-inducing ability and
aggregate formation.

‘We investigated whether those vesults obtained with HEK293 ool
could be reproduced in the mouse macrophage cell line RAW264.7,
which lacks ASC expression. Wild-type ASC expressed together with
HNLRPA(R2R8W) in RAW264.7 cells formed spack-lke stractures and
induced the activation of caspase-1, whereas speck formation was
diminished in BAW284.7 cells transfected to express ABC{Y144F)
or ASC{S,151-153) (Fig. Sa-<}. The formation of ASC specks was
also abrogated by the substitutions in similar experiments with ASC-
deficlen® primary macrophages (Fig. 64d).

‘We fusther Investigated whether those residues were phosphorylated
ina Syl ~ and Ink-dependent manner. ASC expressed together with
either Syk or fuk migrated muove dowly in Phos-tag gels than d ASC
in cells transfocted with empty vector {Fig. 7a), Transfection of cells
0 express ASC with both Syk and ok resulted in a greater mobility
shift, wheich was reversed by phosphatase treatment (Fig. 7a.b). These
results saggested that ASC was phosphorviated at multiple sites in
a Svk- and Jnk-dependent manner. The observed changes in the

)
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mobility of ASC in the presence of Svk or Juk were all abrogated by
the ¥144F substitution in ASC (Pig. 7<) In contrast, the mobility of
858A), ASCITISIATISZASIA3A) and ABC(58,151-153) in
Phos-tag gels, like that of wild-type ASC, was reduced by overex-
pression of fnkl-Jnk2 (Fig, 7d}, which suggested that 5er88, Thrisl,
Thri52 and Seri53 were not phosphorviated in o Ink-dependent
manner or that the effect of those substitutions on the mobility me
have been masked by phosphorviation st other residues. These results
showed that phosphorylation of Tyrld4 was required for inflarama-
some sotivation.

We did i1 vitro kinese assays with synthetic peptides (amino acids
139150 of mouse ASC or aminoe acids 141-152 of human ASC) to
investigate the possibility thet Syk divectly phosphorvlates Tyrid4 of
mouse ASC and the correspounding tyrosine residue of human ASC.
We incubated thoss peptides with ATP in the presence or absence of
recombinant Syk and assessed the kinase reaction by the consump-
tion of ATR We did not observe substantially Iess ATP in reactions
in which we used those ASC peptides as a substrate for recombinant
Syk, whereas reactions containing purified tubulin, as @ positive con-
trol suhstrate, had less ATR {data not show). Thus, our data 4id not
support or were not sufficient to fustity the poseibility of divect phos-
phorylation of Tyri44 by Svk.

MEU- and alum-induced peritoniiis is dependent on Syk and Ink

Next we investigated whether Syk and Ink were requived for
inflammasome sctivation {n vive. We analyzed the recruitment
of inflamumatory cells tnto the peritoneal cavity as an indicator of
stimulant-indeced inflammation after Intraperitoneal injection of
mice with MSU or alawm. As shown before'2%, both MSU and alum
strongly induced the recruitment of cells, including Gr- 1 F4/80
neutrophils and F4/807 monocytes and macrophages, in an ASC-
dependent manner (Supplementory Fig, 8-, We then recon-
stituted irradiated wild-type mice with fetal liver cells to generate
Svkt and Spk~ chimeras or with bone marrow cells to generate
wild-type, Mapk® ' and Mapk9~~ chimeras. After challenge with
MSU or alum, SyA~'~ chimeras had fewer total cells, neutrophils,
and monoecytes-macrophages in the peritones} cavity thao did
Sykti= chimeras {Fig, 8a.bd-f). After challenge with MSU, the
nuraber of peritoneal monocytes-macrophages tended o be lower
i Sy chimeras than in Skt chimeras, but the difference
between the groups was not statistically signtficant (Fig. 8¢). The
infiltration of inflammatory cells induced by MSU or alum was
also lower in Mapk8~/~ chimeras or in wild-type mice trested with
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an inhibitor of Ink than in wild-type chimeras or wild-{ype mice
treated with vebicle only, respectively (Pig. 8g-i and Supplementary
Fig. 8a-1). In contrast, the inflammasome-independent infiltration
of inflammatory cells mdaudb» chemokine CXCLY (K0 was simi-
lar in Sykt and Syk~~ chimeras and in Mapk8Y" and Mapkg '
chimeras {Supplementary Fig. 8g-1), and the iohibitor of jnk
did nwot rednce the tafiltration of inflamamatory cells induced by
alum in ASO-deficient mice (1 = 3; data not shown), These resulls
suggested that signaling vie Syk and Jnk was involved in the MSU-
and alum-induced infiltration of inflammatory cells that was largely
dependent on ASC.

DISCUSSION

The phosphorylation and dephosphorylation of proteins is impaor-
tant in controlling a wide range of biological ptowsse«a including
innate and adaptive Imorunity and apoptosis®™Y. The involvement
of kinases such as PRE-6, PRR, Syk, Lyn, PI()E, Brk and DAPK in
inflammasome activation has been reported, yet the precise mecha-
risim of thedr action has remained undlear. In particular, Syl has been
demonstrated to contribute to the NLEPS inflanumasorme In response
to O aibfcans, maost probably due to its role in inducing ROS pro-
duction?®293133, WLRCA 15 phosphorylated after stimmlation with
its hgands, and that phosphorylation s critical for fnflammasome
activation®. Here we showed thet Sk and Juk were fnvolved in the
activity of ASC-containing inflanunasomes in macrophages via a
mechanisio that regulated the formation of ASC specks, We found
that ASC was phospharviated in a Syk- and k- dgpgz;éwt manner
at multiple sites, which most probably included Tyrl44, which was
esseniial for speck formation. The phosphorvlation of ASC during
inflammasome activation was requived for activity of the WILRP3 and
AIMR2 inflaramasomes. Thas, inflammmasomes are regudated by protein
kinases and perhaps by phosphatase{s) that target phosphorylated
inflammasome components.

‘We identified Tyridd of ASC as a critical residue for spack forma-
tion and a possible phosphorylation site, Consistent with that, phos-
pi’ztszyhﬁﬁn of the corresponding residue in human ASC (Tyridf)

hag been disclosed in a patent apphication (Hornbeck, P et ol, US
patent application 2009/6325182 AlL The Yi44¥F substittion in
ASC completely abrogated the phosphorylation of ASC induced by
overexpression of Svk or Ink, which suggested that Tyr144 serves as
a regulator of ASC phosphorylation mediated by those kinases. That
tyrosine restdue is evolutionary conserved. Tyrid4 is located in the
CARD, whereas published studies have shown that the pyrin domain
of ASC is phosphorylated after stimulation with humor-necrosis fac-
tor’4, which suggests the existence of other phosphorylation sites that
might also contribute to inflammasome activity.

¥t remains unclear how sigoaling via Syl and Ink regulates the for-
raation of ASC specks. Transfection of HEK293 cells to express ASC
together with Svk or fok or both did not resultin the formation of AS
specks or the redisteibution of ASC o the Triton X-100-insoluble
fraction {data not shown), which suggested that phosphorylation
of ASC iteelf was not sufficlert to induce speck formation in the
absence of stimull of the inflammasome. Our results also sugpested
a crucial role for Syk and Jok in the redistribution, vather than the
dimmerization or oligomerization, of ASC upon Inflammasome acti-
vation, During the generation of ASC aggregates, monomeric ASC,
which is diffusely distributed before stimulation, is rapidly trans-
located o 2 perinuclear speck in cach cell. The formation of ASC
specks s prevented by treatment with nocodazols, and ASC specks
are focated near the microiubsle-organizing center™, which suggests
a passible role for microtubudes i the migration of ASC during the
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step of speck formation. In our assays, must complexes of ASC and
phosphorylated Ink were located inor around the nudleus, and ASC
vemained ditfusely distributed in the cytosol even after inflamma-
some activation in cells in which Svk or Juk was inhibited genetically
o p”mrmamieﬁraii Thus, we specalate that Syk- and Jok-mediated
ASC phosphorylation may function as a molecular ‘switch that con-
trols the migration of ASC along microtubules to the site of speck
formation, Together, these results indicate that ASC speck formation
is a consequence of muiﬁpm celludar events orchestrated by inflam-
masome receptors, Svk, Jnk and perhaps microtubules.

Although inflammasomes have pivotal roles in Innate imrmunity to
pathogens, ssive or dysregulated activation of inflammasomes,
especially the NLEPS inflamimasome, has been linkad o various
autoinflammatory diseases and autolmmune diseases, including
Muckle-Wells syndrome, inflammatory bowel diseases™ ), vitilige®
and rheumatoid arthritis’, Inflammasomes have also been lnked
to vbesity-induced insalin resistance®, atherosclerosis® and gouty
arthritis™ and could represent potertial targets for therapy. Therapies
Involving antibady to JL- 10 appear to be effective in treating inflam-
matory disorders associated with devegudated inflaromsasome activity,
and further understanding of the basic processes and mechanisms
invedved in Inflasamasome activation will provide additional strat-
egies for controlling autolntlamimatory conditions. Here we have
shown that phosphoryistion of the inflammasome component ASC
£€“i¥i<ﬁe<§ inflammmasome activity. Thus, for example, compounds

igrated to specifically inhibit the phosphoryiation of ASC may
romising drug cendidates for the treatment of inflanomasome-
ated diseases, and antibodies syer%iz{‘ o phosphoryiated ASC
may be usefist for diagnostic and research purposes, Further ovesti-
gation of the inflammasome will reveal the precise roles of Kinases in
;;’sﬁamrmsmm activation and may idenify additional mechanieoms
for controlling nflammasome activity.

METHODS

Methods and any associated references ave available in the onling
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CGRLINE METHODS

Mice. Female wild-type, Casp ™ ,P& fmi”’ =N 1:@”'" Cardy™=, Mapk8™ and
Mapke - CRTRLIS] mice e conditions
and were used at §-9 weels of ag rsous for the
SyldmITsb JHeled? were trercrossed fo generate ambi}m atembr yoric day 16.5
that were wild-type for Svk (855%7%) or heteroxygous or homozygous for the
BykmITeh alele Syl or Syko). Petal liver cells from those embryos were
used 1o reconstitute C57BL/G] wrice that bad been brvadisted with a total dose
of 10 Gy from & Y¥7Cs source. Bone marrow cells from wild-type, Mapkd™'~
or Mapko™'~ rice were also used to reconstitute rrad STRLG] wmilce.
Mice were used 6-7 weeks after reconstitution. All the experivoe
dures performed on mice were approved by the Animal Ethics sudd Research
Conmittee of Kyoto University Graduate Schoal of Medicine,

tal proce-

Calls. Peritoneal macrophages, bone marrow-devived macrophages and boos
magrovw-derived dendritic cells were prepared as reported %%, Those cells
suspended in calture mediurm consisted of REMI-1640 mediow supplemented
with 10% FCS and 10 pgdnal gentamiein were incubated on cnliure plates
overnight at 37 ¢ 1 We ed for this study, U837 colls {provided by
M. Matsuura) were enftured for 3 d in coltore medium supplemented
10 ngfml of 12-O-tetradecancyipharbel 13-acetate, 100 Uil of pe;’;'
andd 100 pgdol of streptomyc 4
in ponftiwelt devices were determined randomdy.

Reageats, LPS and flogellin were from 'iwi'vngen; alure was frown Blerosy
m;@mu and poly(d AT} were from 8 i
Tesques R406 was from Sellecheheny otbcr binsse m#uiuior m*re‘mm Mevcl
Bosciences; and BHA (butvls y
aatibody o ASC {AL1F7} sud mouse monockonal wnbm 3 (mf"\ >}ia WLRPS
{Crye-2) were from Alexis; mAb to Jok (380G8), mAb o pmwsphorviaie 4 Ink
(B1E11) and mouse mab to ;,h{)aphw. yiated ik (G were from Cell Sign:
Technology: mAb to phosphorviated Tyr (PY20), antibody to caspase-1 pid
{M-20} and antibody to Svk tanti-Svk} (N-19} were from Santa Oraz; anti-

nd Bnnunochemicnls; biotin-conjugat
anﬁ 1L-1B {BAT401) was from R&ED Systemy; and mab to IL-18 {39
from MEL. The enzyme-linked tonumosorbent assay Kit for mouse 1L- iE)
was from efioscience. Por the ‘titrstion of humsan or mouse 1-18, a paiv of
Biotin-labeled (93-100) and unlabeled {743 monodonad antibodies w 11-18
was used (hoth from MBLL

Plasmids, The plasrsid proas-GFP was from Lonza. The pFLAG expression
vectors for ASC, pro-caspase~1, and pro- Aiﬁw&u‘qnm ue,tcc’ hefore?®, The
expression vectoss for NLRP3S (R :
form [32) were constructed with priruer sets (Supplementary Tuble 3) ami the
pFLAG-CMYV 2 vector {Sigioa-Aldrich). After that oo 1ciion, the mutation
in the gen :
vector by stte~directed mutagene
PFLAG-pro-IL-18 in which the ¥

is. Similarly, pFLAG
ag tag was remwved were generated.
Stimulation with Inflanunasome aotivators. Cells were plated at 2 density
of B x 10F cells per well in 24-well miceaplates. Crltare medivm was replaced
with Optt-MEM (ovitrogen) before stimulation or infection. Maerophages
¢ prisned for 4 howith 50 ng/nd LPS end stivonlated with nigericin (5 ubM)
or alwm (300 pgfwd). Bor delivery into the oytosal of macrophages, Hagellin
{15 ng) was encapsulaied into % cdat virus envelope with GenomONE-Neo
{Ishibara Sangyo). Poly{dAwfT ugfoml} was lmtvoduced into unprimed
mac mpimae\ theough the use \ﬂ zyniecmmam LI (F Ty nmum} tm‘iis
infected with L. wonecy
& Typhimurivm 14028 {mul
aclded to the oudtures 30 min after mtmtxos,z‘ {JCE},.‘: mm.?i»c mé?a M mbeh,{,sla.sfa
HA7Ry (multiplicity of In -
further cultivated in Op 3 containing gerdwnicin, Kinase inkdbitors or
dimethyl sulfoside were added to ool cultures 1l before stirmulation or infec-
Hon for inflanunasome activation,

38 sasmple buffer. Superatants were
ton X-100-sofuble

Frmunablot anatyais, Calls wese bysed with S
concentrated with trichiorsacetate. For the generation of T
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reve bysed with 50 mbdd Tris-HC1
{pH 7.6) containing 0.5% 1 ~free protease inhibitor cocktatl
and phosphatuse mhxbx{nr wc}'t i {(Nacalai tesque). The Iysates were
centrifuged at 6.000g ot 4 °Clor 15 moin, and the peliets and supernatants were
used as the Triton-losoludde and Triton-soluble fractions, vespectively. For the

and T (i-ipschuble fractions, <

detection of phosphorvlated Svk, total Svk was imrounoprecipiiated with angt-
Syk {19-19; Sanga o and protetn G Sepharose (GE Health: 3

Crossinkage of ASC dimers or vligemers. The Triten-inscluble pellets were
washed twice with Tris-bulfered soline and then resuspended in »ﬁ\) 1) Teis-
buffered saline. The resuspended pellsts
with 2 smM disaccinimidy suberate (Ple
af §,000g. The pellets wery dissolved i S

in tysis buffer sa‘sp}@kmenw& with irxi‘z‘ibitma u? e;sdcsxa

ﬁmn‘\i Em‘ ‘% \E“% H%m‘\i 2)1‘ and v“a :‘,»:rzercapmez}.mmi,
pH € The flow-throngh and elution fractions were conventrated with trichio-
voacetate. ASC or phosphoryiates tyrosine @ cach fraction was detested by
frwnunoblot analysis,

?hes&ag%a&c& MS&A. The Triten X- 100-insotable ax.zd"’ritmt 3{-15}{} solutde
$ s {prepaced as duscribed above

S wers i\a »u? mtix )(2 m? 41

D&» mm E}«wtﬁ., Wi

15 i the fysates were proo

1 Mimp?ms 28¢ 1R

A,

50 ‘x;*.fmi Qfamar
acetone and di

2% w:&%z or wziawm 50 ;m{ ‘mL » and 23 M Phos-ag

Higand {(NAR

3 nstitate ).

s were transfected with 30 1M sroall interfor-
Transfection Agent { Amblon}
sk ] woesd in exper-

ReA-medinted interforence, O
ing BRA through the use of the siPORT Amine
as veported?®, After 48 h of cultivetion, the cells were wa
zmmm I‘zc sense

:;{i}&ji inter) fexmg i{ LA qu nCes were as i’(»iinv&' ﬁw" {A‘;,

?&V#;.

Lmtm} mui,um G( S dn

was from Invitrogen.

Tromusofluorescence staining. Cells seeded in cighbt-well chamber plates ata
density of 2.5 x 10° cells pas well were washed twice, fived in 4% parafermal-
dehyde and permeabifized with £.25% Triton X 180, The cells were inoubated
vith anti-ASC{AL177; Alexis) and then with Alexa 488 Tubheled or Aleva 504

cled antibody to rabbit IgG (AL or ALLOLZ; Invitrogen). Muclel were
stained with DAL {4,6-diamidine-2-phenylindole Defindn).

ized cells were lnoubated overnight at
4°C with the following pairs of primary antibodies; rabhit sntl- ASC (ALITY;
Alesis) tngether with mouse mAb to phosphorvlared Ink {G%; Call Signaling)
oy woonse mAb 1o NLRP3 {Cryo- %), The cells were washed and allowed
o resack {6 & pair of proxiudty probes {(Olink cience). The rest of the & sis
PLA protocol was performed according 1o the manafacturer’s instructions. The
cells were examined by fucrgscence microscopy {Olympus), and the Daolink
Tmage Tool {Olink Bloscience} was need for guanditative snalysis,

To sity PLA. Pized and pormeal

Reconstrnction of the inflannmasone system i HEK283 cells. HEKZ92 calls
; American Type Culture Collection} were mnintaingd in BMEM

esd with 10% FOS, 6 mM -glutamine, 1w sodiun pyrovate and

dud 1010382740
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5 pg/ml gentamicin as described?, For experiments, HEK293 cells were plated
in 24-well microplates at a density of 2 x 107 cells per well and fncubated over-
night. The cells were transtected with plesmids through the use of Transfectin
accoyding to the munufecturess lostructions {Bio-Rad). The total amount of
LNA was adjusted to o concendration of 1 ug per well with pFLAG-CMY2
emmpty vector. The cells were washed with cudture muedion 36 hafler te
tien wad were further incobated for 124

Reconstraction in macrophages, RAWZGA7 cells {provided by FL Tamizaki}
or primary Pycard ™™ peritones] macrophages were transfected with 1,000 ng
of pFLAG-ASC or the ASC mutant vectors together with piLAG-NLRP3
(RZ38W) {230 ng) through the use of the Neon =¥‘5*a'n¢fecficﬂa Svszs.f:m accouding
0 the manufacturers uctions (TInvltrogen). Ble 3
were as follows: pulse voltage, 1,680 V; pulse width, mﬂ s puls
celi number, 1 % 10% The cells were Incubated for 2 h.

or alum
(0.4 mg). at 2 h before and 30 min after challenge with the irritants, wild-type

Peritoaiiis. Mice were challenged intraperitoneally with M8U {1 gl

smice were trented Intraperitonenlly with dimethyl solfoxide or the Juk inhibitoy
SPEO0I2S (25 mg per kg body weight). The mice were Killed 8 b atter injection
of the stimnli, and perioneal cavities were bavaged with 5 md PBS. Mice were
given Intraperitoneal injection of mouse CXCLY (0.8 g BioLegend) or FBS,
and pesitoneal cells were collecied 1.5 b after stimulation, Peritoneal cells
were connted with & Comnteas (Invitrogen) and then were allowed to react to
mAl to mouse D16 (235 BicLegend). The cells were subsequently stained
with fluorescein sothiocyanate-taboled mAb to Gr-1 (RBs s Biotegend)
and phycoerythrin-labeled mAb o P4/80 (BM%; BioLegend} and were apa-
fyzed on a FACSCalibur (Becton Dickinson). Mice were prepared by HUHL

dol10.1038Mmi2

and were randomt sator
(REB), who did the

of the groups.

by assigned o experimental groups. Another investig
iny

jections wnd How cviometry, was ‘blinded” to the identity

Stat
s he as ?szxafi as pm i
mality, For two-group comparizons trfy‘ Ganssian distribution, 3 two-ta
unpaived f-test with Welel's correction was used when the varisnces of the
groups were judged o be equal by the Fiest, For two-group comperisans
with non-Gaussian disteibution, ¢ Mann-Whilney test was used, Multigroup
comparisons with Gaussian distribation, ene-way ANOVA with Bonferroni’s
multiple-comparison test or Tikey-Kramer's multiple-conparison test {for
mmpic.a of unequal sbed was wased 'fm the conflrmation of homogenely of

x'umce among ihﬁ omnm by Ei.m vmh

B vaiues of (i.é}S o E.mx were {Z‘ze tiaw.;haki f(tsr starast.xcaf sxgzzxi'acaﬁc&

v indicad in 'rtﬁ,:rq!w 5
aston "mr,
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Introduction

Schistosomiasis still ranks as the most important helminthic
infection; second only to malaria in its socioeconomic burden in
the resource constrained tropics and subtropics. It affects over 200
million people worldwide with more than 700 million people at
risk of getting infected [1]. Although an effective treatment is
available (praziquantel), the fact that reinfection occurs very
rapidly after mass treatment renders chemotherapy alone inade-
quate for disease control. It is opined that a prophylactic
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alternative applied singly or in combination with other interven-
tions, even with limited efficacy in limiting transmission is the
optimum approach [2]. This intervention is especially needed in S.
Japonicum endemic areas, where non-human mammalian hosts are
complicating control efforts.

Schistosomes inhabit host vasculature, where they ingest
erythrocytes and catabolize the host hemoglobin as a source of
amino acids for their growth, development and reproduction [3].
However, large quantities of potentially toxic heme (Fe-protopor-
phyrin IX) are released as ‘byproducts’ of hemoglobinolysis [3—6].
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The parasite is thus faced with the challenge of maintaining heme
homeostasis by evolving strategies to sequester and detoxify heme
[3,5-9], and at the same time maintaining a heme acquisition
mechanism to harness the needed iron from the heme molecules

[4,10]. Indeed, effective mechanisms for detoxification of toxic
heme and controlled acquisition of heme iron are paramount for
parasite survival and establishment. Such mechanisms are major
targets of effective drugs against hemoparasites, including malaria
and schistosomiasis [11-13]. However, information on the exact
mechanisms and molecules involved in this ‘weak link’ is either
lacking or equivocal [3]. Such molecular targets should be
localized at the host-parasite interfaces in contact with the host
erythrocytes.

The tegument and gastrodermis are syncytial layers lining the
entire parasite surface and the parasite gut, respectively [14-16].
Heme liberated during hemoglobinolysis is sequestered in the
parasite gastrodermis lining the gut lumen [4,17], and subse-
quently detoxified to non-toxic crystalline aggregates called
hemozoin [8,9,17,18] and regurgitated. The exact mechanism is
not fully understood but it is thought that heme-binding proteins
initiate the nucleation step of the crystallization, while lipids
mediate the elongation step in an amphiphilic interface created by
lipid droplets in the gastrodermis and gut lumen {17,19]. Equally,
schistosomes like other obligate parasites scavenge molecules from
the host, including heme as the major source of iron needed for
development and reproduction [4,10]. Also, newly penetrated
schistosomulae obtain iron via heme-binding proteins on their
teguments before their guts are developed [20]. Thus, heme-
binding proteins that are localized at these interfaces are most
likely involved in the parasite heme acquisition and detoxification.

Over the years, enormous resources and technologies have been
channeled towards identifying molecular targets involved in
several biological mechanisms utilized by parasites for effective
parasitism. The recently completed genome [21], transcriptome
sequences [22] and proteomic studies [23] of this parasite
represent invaluable feats towards identifying such targets.
Although the functions of many sequenced genes are readily
known or inferred from their amino acid sequences, many of the
genes that are potential determinants of successful parasitism
sometimes do not have readily identifiable sequence homologs.
This is a major challenge for placing the vast amount of ‘omcs’
data into functional contexts for identifying genes of interest
[24,25]. As a matter of fact, several of such proteins presently

PLOS Neglected Tropical Diseases | www.plosntds.org

279

A Gene Family from Schistosoma japonicum

annotated as ‘hypothetical proteins’ may well represent the missing
link to filling the gene ‘gaps’ in our understanding of host-parasite
interactions. Indeed, over 30% of . japonicum proteins are yet of
unknown functions [21]. Therefore, adopting novel strategies for
the characterization of otherwise ‘hypothetical proteins’ is highly
needed and can provide valuable functional clues that may not be
readily identifiable from sequence data alone [24,25].

Our group had utilized a signal sequence trap (SST) to isolate
secreted and membrane binding antigens from S. japonicum with
appreciable success [26]. Among the SST isolated candidates, we
identified a novel gene family which we found to have originated
through a repetitive element mediated DINA-level gene duplication
mechanism [27]. Although several transcripts from ~27 duplicons
were identified, no sequence homolog was readily identifiable in
other organisms. We here utilized an integrated strategy combin-
ing comparative structural homology modeling and biochemical
analyses to identify remote structural homologs, and characterize
an extracellular domain in this family as SEA (sea urchin sperm
protein, enterokinase and agrin)-domain. Similar approach was
used to further identify and characterize a functional heme-
binding site on the SEA-domain. SEA-module is an extracellular
structural domain originally identified in sea urchin sperm
protein, enterokinase and agrin, the basis for the nomenclature
[28-30]. The domain is found in several functionally diverse
proteins, and is known to assist or regulate binding to carbohy-
drate moicties. SEA-domain evolved from the ancestral ferredox-
in-like fold, which is able to acquire various active sites including
heme-binding sites [24]. The identification of a functional heme-
binding protein in this hemophagous trematode is a significant
contribution to our understanding of the host-parasite interaction
as regards heme homeostasis. The biological significance of this
finding and the potential role of this gene family in parasitism are
discussed in terms of the parasite biology and prospects for
application in disease intervention.

Materials and Methods

Ethics statement

This study adhered strictly to the recommendations in the
Fundamental Guidelines for Proper Conduct of Animal Experi-
ment and Related Activities in Academic Research Institutions
under the jurisdiction of the Ministry of Education, Culture,
Sports, Science and Technology, Japan (Notice No: 71). All animal
experiments were approved by Nagasaki University Board of
Animal Research, according to Japanese guidelines for use of
experimental animals (Approval No: 0809050699).

Experimental animals

Six to eight weeks old Female BALB/c mice were purchased
from SLC Inc. Labs, Japan. The CLAWN strain miniature pigs
were from Japan Farm, Kagoshima, Japan. The miniature pigs
were infected percutaneously with 200 S. japonicum cercariae.

Molecular structure modeling and ligand-binding
characterization

Multiple alignments were performed using NCBI BLAST and
Multialin Interface [31]. Post translational modifications were
predicted using YingOYang [.2 [32]. Molecular structure
modeling was performed by fold recognition and ab-initio structure
prediction methods using Protein Homology/Analogy Recogni-
tion Engine (Phyre v2.0) [33] and Rosetta Full Chain Protein
Structure Prediction Server [34]. Ligand binding analysis to
identify potential ligands and their binding sites in the folded
protein was performed using 3DLigandSite server [35]. The
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modeled structures were analyzed using Discovery Suite 3.5
Molecular Visualizer, while the modeled receptor-ligand interac-
tions were analyzed on the PyMol Molecular Graphics System,
Version 1.6 (Schrodinger, LLC).

Total RNA isolation, cDNA synthesis and quantitative

real-time PCR

Total mRNA was purified from parasite egg, sporocyst, cercaria
and schistosomula using Micro-to-Midi total RNA purification
system (Invitrogen, USA), and from adult worms using NucleoS-
pin RNA II kit (Macherey-Nagel, Germany). Reverse transcription
and amplification of the double stranded cDNAs were performed
using Ovation Pico WTA System v2 (NuGEN, USA). For each
candidate gene and the reference gene (S. japonicum B-Actin), PCR
fragment was first cloned into pCR2.1 cloning vector and the
resulting constructs used as templates for gPCR standards and for
estimation of copy numbers. Relative expression of candidate
genes in different developmental stages of the parasite was
quantified using SYBR Premix Ex Tag II Reagents (Takara,
Japan). Real-time PCR and data analysis were performed on AB
7500 Real-Time PCR Systems v2.0.5.

Cloning, expression and purification of recombinant
protein

The complete coding sequences of the candidates were
amplified and cloned into the TOPO TA cloning site of the
expression vector pcDNA4/HisMax and expressed in BL21 E. cofi
cells, and FreeStyle 293 expression system (Invitrogen, USA) for
binding assays. We took advantage of His6 tag to purify the
recombinant proteins using TALON Metal Affinity Resins
(Clontech, USA). Purified proteins were concentrated and
imidazole elution buffer exchanged using Amicon Ultra Centrif-
ugal Filters Millipore, USA). Size exclusion gel filtration was
performed using Sephadex G-50 medium (GE healthcare, USA).
For heme-binding assays, purified proteins from FreeStyle 293
cells were treated with enterokinase to remove tags and purified
with EK-Away resin (Invitrogen, USA).

Preparation of specific immune serum and monoclonal
antibodies

Polyclonal mouse sera were produced against recombinant
antigens by subcutaneous immunization of mice with 25 pg of
purified recombinant proteins in 50 ul PBS, mixed with an equal
volume of Gerbu Adjuvant 100 (GERBU Biotechnik, Denmark),
on days 0, 21 and 42. Two weeks after the last inoculation, mice
were exsanguinated to collect sera and spleens were aseptically
obtained for monoclonal antibody preparation using the Clona-
cell-kHY system (Stemcell Technologies, USA), according to
manufacturer’s instructions. The monoclonal antibodies were
biotinylated using the one-step antibody biotinylation kit (Mite-
nylbiotech, USA).

Immunolocalization

Freshly perfused adult S. japonicum were washed three times in
PBS (pH 7.4) and fixed in 4% neutral paraformaldehyde at 4°C
until use. The samples were alcohol dehydrated, embedded in
paraffin, cut into 5-7 um thin sections and then mounted on
microscope glass slides. Paraffin sections were deparaffinized by
incubating for 10 min in two changes of xylene and rehydrated by
sequential 10 min incubations in 100%, 95%, 70% and 50%
ethanol, before rinsing in two changes of double deionized water.
Schistosomulae were prepared by mechanical transformation and
washed in Hanks solution. After washing with distilled water, the
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juvenile worms were fixed in cold acetone for 2 hours. Two drops
of acetone fixed schistosomulae were added to poly-L-lysine
coated glass slides and dried overnight. Immunoperoxidase
technique was then performed as in adult worm sections.

Immunoperoxidase staining and immunofluorescence assays
were performed using minor modifications to the method detailed
by [36]. Briefly, the sections for immunoperoxidase staining were
treated with 3% HyOy in PBS for 30 min to destroy endogenous
peroxidase. All sections were blocked for non-specific binding with
5% skim milk in PBS for 1 h, and then incubated for 2 h at room
temperature with biotinylated monoclonal antibody or immune
sera as indicated in each case. After washing three times in PBS
pH 7.4 for 5 min ecach, the sections were incubated in FITC
conjugated secondary antibody for immune sera IFA. For
biotinylated mAB IFA and immunoperoxidase assays, sections
were incubated for 30 mins with streptavidin-FITC (1:500) and
streptavidin-HRP (1:500) solution respectively. The immunoper-
oxidase sections were washed in PBS and treated with diamino-
benzidine tetrahydrochloride (DAB) chromogen, according to
manufacturer’s instructions (Dako, Japan). After counterstaining
immunoperoxidase sections with Mayer hematoxylin, all the
sections were washed, dehydrated by passage through alcohol and
xylene, mounted, and viewed under Keyence All-in-one Fluores-
cence Microscope (Keyence, USA). Pre-immune serum was used
as negative control.

Glycoprotein detection
For glycoprotein detection assay, SDS-PAGE fractionated
purified recombinant proteins were stained using the Pierce

Glycoprotein Staining Kit (Thermo Scientific, USA).

Glycan binding analysis using Surface Plasmon
Resonance (SPR)

We utilized array type sugar chip (SUDx-Biotec, Japan); which
is an array of 48 structurally defined sugar chains (glycans)
immobilized on a thin gold chip to analyze the interactions of the
SEA-domain proteins with glycans using SPR imaging [37]. The
surface plasmon is excited when light is focused on the opposite
side of the chip. The reflective light is measurable and is altered in
response to binding of the proteins to the immobilized glycans.
This alteration of the surface plasmon (expressed as resonance
units, RU) is directly proportional to change in bound mass of
analytes. Real time measuring of the SPR RU was used to monitor
changes in the surface concentration or amount of bound analytes
(protein). One of the benefits of this SPR system is that the weak
interactions, which are easily washed out in the regular array
technology and therefore not recognized, can also be monitored in
real time. We used this method to detect real-time biological
interactions between several glycans and the characterized SEA-
domain proteins. For assessing the specificity and affinity of the
protein-glycan interactions, we used chondroitin sulfate GAG chip
to measure the association and dissociation kinetics in real time to
determine Kp, of the binding

Hemin-agarose binding assay

Hemin-agarose binding assay was applied to study heme
binding as detailed by [38]. Briefly, 200 pul of hemin-agarose
(Sigma-Aldrich, USA) was washed three times in 1 ml of 100 mM
NaCl-25 mM Tris-HCl (pH 7.4) with centrifugation done at
750xg for 5 min. Hemin-agarose was incubated with protein
(20 pg) for 1 h at 37°C with gentle mixing. After 4 washes to
remove unbound proteins, the beads were incubated for 2 min
with clution solution (2% (wt/vol) SDS and 1% (vol/vol)
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