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The innate immune system is the first line of defense encountered by
invading pathogens. Delayed and/or inadequate innate immune
responses can result in failure to combat pathogens, whereas ex-
cessive and/or inappropriate responses cause runaway inflamma-
tion. Therefore, immune responses are tightly regulated from
initiation to resolution and are repressed during the steady state. It is
well known that glycans presented on pathogens play important
roles in pathogen recognition and the interactions between host
molecules and microbes; however, the function of glycans of host
organisms in innate immune responses is less well known. Here, we
show that innate immune quiescence and strength of the immune
response are controlled by host glycosylation involving a novel UDP-
galactose transporter called Senju. In senju mutants, reduced expres-
sion of galactose-containing glycans resulted in hyperactivation of the
Toll signaling pathway in the absence of immune challenges. Genetic
epistasis and biochemical analyses revealed that Senju regulates the
Toll signaling pathway at a step that converts Toll ligand Spatzle to its
active form. Interestingly, Toll activation in immune-challenged wild
type (WT) flies reduced the expression of galactose-containing gly-
cans. Suppression of the degalactosylation by senju overexpression
resulted in reduced induction of Toll-dependent expression of an
antimicrobial peptide, Drosomycin, and increased susceptibility to
infection with Gram-positive bacteria. These data suggest that
Senju-mediated galactosylation suppresses undesirable Toll signaling
activation during the steady state; however, Toll activation in re-
sponse to infection leads to degalactosylation, which raises the im-
mune response to an adequate level and contributes to the prompt
elimination of pathogens.
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The innate immune system is the first line of defense against
invading pathogens. In the steady state, immune responses

are restrained; however, the immune response is activated rap-
idly on pathogen recognition. The Toll/TLR (Toll-like receptor)
pathway plays a conserved role in the innate immune system of
insects and vertebrates (1–3). In Drosophila, pathogens are not
directly recognized by the Toll transmembrane receptor; rather,
they are recognized by several specific pattern recognition re-
ceptors. The binding of gram-positive bacteria and fungi by these
pattern recognition receptors triggers the activation of the serine
protease cascade. Finally, a precursor form of Spatzle (pro-Spz), an
endogenous ligand for Toll, is converted to an active form, which
binds Toll and triggers activation of the NF-κB−related transcrip-
tion factor, Dorsal-related immunity factor (Dif), leading to tran-
scription of genes encoding antimicrobial peptides (AMPs) in-
cluding Drosomycin (Drs). Many of the extracellular components
required for Toll activation and suppression have been identi-
fied and are well understood; however, it is less known whether
the posttranslational modifications in host organisms, such as
glycosylation, regulate innate immune responses, despite the
known significant roles of glycosylation in various other biological
processes (4, 5).

Most cell surface and secreted proteins are glycosylated in the
endoplasmic reticulum (ER) and Golgi apparatus. Glycosylation
requires glycosyltransferases and nucleotide sugar substrates
that are synthesized in the cytosol and nucleus. The nucleotide
sugars must be transported into the ER and Golgi lumens by
nucleotide sugar transporters (NSTs) (6). On arrival, they are used
by glycosyltransferases. The Drosophila genome encodes at least
10 NSTs, which transport different subsets of nucleotide sugars.
Studies of mutated NST genes show that protein glycosylation
regulates intercellular signaling events. For example, Fringe-con-
nection (a UDP-sugar transporter) (7, 8) and the two GDP-fucose
transporters Gfr (9) and Efr (10) all affect Notch glycosylation and
activity. Drosophila Gfr has a mammalian ortholog called SLC35C,
which is responsible for the congenital disorder of glycosylation IIc
(11, 12). These reports suggest that mutant NSTs in Drosophila
may be useful tools for investigating the roles of glycosylation in
regulation of signaling and in human diseases.
Here, we report that flies harboring a mutation of a novel

UDP-galactose transporter named Senju showed hyperacti-
vation of immune signal transduction via the Toll, JAK/STAT,
and JNK signaling pathways in the absence of immune chal-
lenge. We focused on identifying the mechanism underlying Toll
pathway activation and found that Spz was activated in the senju
mutant. Moreover, we found that activation of the Toll pathway
reduced the amount of galactose-containing glycan. Accordingly,
senju overexpression increased galactose-containing glycan
levels and repressed activation of the immune response against
pathogens. These results suggest that the immune response is
dynamically regulated by the amount of galactose-containing
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glycan, which is high during steady state to maintain immune
homeostasis and low in infection to favor prompt elimination
of pathogens.

Results
Senju KO Flies Have Abnormal Immune Organs. To analyze the bi-
ological role of Drosophila NSTs, we generated a series of knock
out (KO) flies by homologous recombination (SI Materials and
Methods and Fig. S1). Of these, CG14040 KO flies, which are
called senju1 in the present study, showed various abnormalities in
their immune organs. These abnormalities included melanotic cells
in the hemocoel and melanotic tumors in the lymph glands, which
are a specialized larval hematopoietic organ in Drosophila (Fig. 1
A–C). The lymph glands were also enlarged (Fig. 1 B, E, G, and I).
Therefore, we investigated whether normal hematopoiesis occurs in
senju1. Normally, at the late third-instar larval stage, progenitor
hemocytes mature into plasmatocytes, crystal cells, and lamellocytes
in the lymph gland (13); thus, lymph glands from WT and senju1

larvae were stained with anti-Nimrod C (a marker of plasmato-
cytes) (14) and anti-L1 (a marker of lamellocytes) (15) antibodies.
In immunologically unchallenged WT larvae, most of the differ-
entiated hemocytes were plasmatocytes, which were located along
the outer edge of the lymph gland (Fig. 1D). Progenitor cells, which
were located within the inner core of the lymph gland, were iden-
tified by their expression of domeless (dome) (Fig. 1F) (16), which
encodes a receptor that functions in the JAK/STAT signaling
pathway. Because lamellocytes are only induced by immune chal-
lenge, no lamellocyte staining was observed in the WT larvae (Fig.
1H) (13). By contrast, in immunologically unchallenged senju1 lar-
vae, the numbers of progenitor cells and plasmatocytes were re-
duced, and we noted a significant degree of differentiation into
lamellocytes in the primary and secondary lobes (Fig. 1 E,G, and I).
Constitutive melanization and hyperdifferentiation of lamellocytes

were also observed in Toll gain-of-function (Tl10B) (17) and JAK
gain-of-function (hoptum-l) (18, 19) mutants of Drosophila. There-
fore, we next investigated whether the Toll and JAK/STAT
signaling pathways were activated in senju1. Because homo-
zygous senju1 died at the late larval or early pupal stages, the
majority of experiments (except for some that used adult flies)
were performed using late-stage larvae.

Signaling Pathways Involved in Innate Immunity Are Activated in
senju1 in the Absence of Immune Challenge. The Toll signaling
pathway is the most important pathway in innate immunity
against gram-positive bacteria and fungi (2, 20). We found that the
Toll pathway was activated in senju1 by quantifying the expression
of Drs. In the absence of immune challenge, senju1 larvae expressed
∼50-fold higher Drs mRNA levels than unchallenged WT larvae.
The Drs mRNA levels in senju1 were 50% of the Drs mRNA levels
of control larvae collected 12 h after infection with Micrococcus
luteus (M. luteus), a gram-positive bacterium (Fig. 2A). The up-
regulation of Drs in senju1 was significantly reduced by the over-
expression of Myc-tagged senju using srp-Gal4 (Fig. 2A), confirming
that senju was the gene responsible for the constitutive up-regula-
tion of Drs mRNA levels in senju1. We also observed Drs induction
in senju1 larvae cultured under germ-free conditions (Fig. S2), in-
dicating that up-regulation of Drs mRNA in senju1 is likely to be
due to host factors rather than commensal bacteria.
We then tested whether this constitutive expression of Drs in

senju1 depended on dorsal (dl) and Dif, the NF-κB–related
transcription factors in the Toll pathway. Indeed, a dl and Dif
double mutation (J4) suppressed the induction of Drs mRNA in
senju1 (Fig. 2A), supporting the notion that the Toll pathway is
activated in senju1. Taken together, the Toll signaling pathway is
most likely to be negatively regulated by Senju.
JAK/STAT signaling also plays a crucial role in regulating im-

mune responses in Drosophila (21). Thioester-containing protein 1
(Tep1) is one gene regulated by the JAK/STAT pathway (22).
Therefore, we quantified the expression of Tep1 mRNA. Un-
challenged senju1 expressed 44-fold higher levels of Tep1 mRNA
than unchallenged control larvae (Fig. 2B). The Tep1 mRNA
levels in senju1 were even higher than the Tep1 mRNA levels
in control larvae collected 12 h after infection with M. luteus
(Fig. 2B). We also examined the activation of JAK/STAT sig-
naling by using GFP reporter flies that harbor a GFP gene
downstream of two STAT-binding sequences (2×STAT-GFP;
Fig. 2C) (23). The larvae of 2×STAT-GFP–bearing senju1 showed
constitutive activation of the JAK/STAT pathway.
Previous studies showed that the JNK signaling pathway also

contributes to immune responses in insects and mammals. Acti-
vation of the JNK signaling pathway is induced by pathogens (24,
25) and is required for the expression of AMPs (26). Therefore,
we examined whether the JNK signaling pathway is also activated
in senju1 by measuring the levels of puckered (puc) mRNA, which
are increased by JNK pathway activation (27). Unchallenged
senju1 had a 6.6-fold higher puc transcription compared with the
unchallenged control larvae (Fig. 2D). The puc transcription was
also higher than that observed in challenged control larvae.
We next used Drs-GFP (a readout for the Toll pathway),

10×STAT-GFP (a readout for the JAK/STAT pathway), and puc-
lacZ (a readout for the JNK pathway) to examine which tissues are
involved in activating these signals in senju1. As shown in Fig. S3, a
strong Drs-GFP signal was observed in the fat body but not in the
lymph gland. By contrast, the JAK/STAT and JNK pathways were
activated in the lymph gland rather than in the fat body.
The Imd pathway is another NF-κB–dependent signaling

pathway that is involved in innate immunity (28). We tested whether
the Imd signaling pathway was affected in senju1 by measuring the
expression of Diptericin (Dpt), which is a major target gene of the
Imd pathway. senju1 expressed similar, or lower, Dpt mRNA levels

Fig. 1. Loss of the novel UDP-galactose transporter, Senju, causes abnor-
malities in immune organs. (A–C) Spontaneous melanization in the hemo-
coel and lymph glands in third-instar larvae of senju1. senju1 (B) and WT
(C) lymph glands at high magnification. (Scale bars, 250 μm.) (D–I) Lymph
glands from WT (D, F, and H) and senju1 (E, G, and I) late third-instar larvae
carrying the Dome-MESO transgene (16) were stained with antibodies
against the plasmatocyte marker, Nimrod (D and E); the undifferentiated
cell marker, Dome-lacZ (F and G); and the lamellocyte marker, L1 (H and I)
(green). Nuclei are stained with DAPI (blue). D′–I′ show merged images.
(Scale bars, 200 μm.) The white dashed lines outline the lymph glands.
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to the unchallenged WT larvae (Fig. 2E), which suggests that the
Imd signaling pathway is not activated in unchallenged senju1.
From these results, we conclude that, with the exception of the

Imd pathway, Senju-dependent glycosylation negatively regulates
the key signaling pathways involved in innate immunity. We named
the gene senju, which means “Buddha with a thousand hands ma-
nipulating tools to protect us,” because it seemed to protect against
excessive activation of these signaling pathways.

Spz Is Activated in senju1 in the Absence of Immune Challenge. We
focused on the mechanisms underlying the hyperactivation of the
Toll pathway in senju1. The Golgi localization of Senju (29) (Fig.
S4) suggests that Senju-dependent glycosylation of the membrane
and/or secretory proteins of the Toll pathway regulate Toll activa-
tion (Fig. 3A). To identify which Toll pathway protein is activated in
senju1, we performed epistatic analysis with senju1 and mutations in
genes that encode extracellular components of the Toll pathway.
Mutations in peptide glycan recognition proteins (PGRP-SA and
GNBP3), serine proteases (Grass and Psh), and the modulator
protein ModSP did not prevent the induction of Drs expression in
senju1 (Fig. 3B). In addition, overexpression of the serine protease
inhibitor nec did not affect the DrsmRNA levels in senju1 (Fig. 3C).
Spatzle-processing enzyme (SPE) is activated by ModSP-dependent
and Psh-dependent pathways. When both signaling pathways were
inhibited in senju1 by mutations in ModSP and psh, the level of Drs
transcription remained high (Fig. 3B). Because the SPE mutant has
no null allele, we generated a new SPEmutant allele called SPESK6

by using the Cas9-mediated gene targeting system (30). The
SPESK6 allele has an 8-bp deletion mutation (from nt 116 to nt 123)

in the coding region that results in the loss of the major protease
domain (amino acids 135–400) of SPE (Fig. S5). SPESK6 also did
not block the up-regulation of Drs in senju1. By contrast, the senju1

and spzrm7 double mutant exhibited markedly reduced expression of
DrsmRNA. This epistatic analysis placed Senju function at the level
of Spz because Senju activated the Toll pathway independently of
the cascade upstream of Spz.
We next examined whether Spz is activated in senju1. Spz is

mainly expressed in hemocytes and secreted to hemolymph in an
inactive form designated as pro-Spz. When the immune system is
stimulated, pro-Spz is cleaved by activated SPE to yield a short
active form called Spz C106. Immunoblot analysis with an anti-Spz
C106 antibody revealed markedly increased active Spz levels in the
senju1 hemolymph (Fig. 3D); thus, Spz is activated in senju1 in the
absence of immune challenge. These data demonstrated that Senju-
dependent glycosylation prevents the aberrant activation of Spz and
suppresses the Toll signaling pathway during the steady state.

Synthesis of Galactose-Containing N- and O-Glycans Is Impaired in
senju1. Because senju encodes a protein that is homologous to a
NST, we investigated whether Senju is actually involved in glyco-
sylation. First, we used a yeast cell-free system to identify the
nucleotide sugar transported by Senju. We measured nucleotide
sugar incorporation by microsomes extracted from yeasts that
expressed senju or mock vector. The results clearly showed that
the Senju protein selectively transports UDP-galactose, i.e., Senju
is a UDP-galactose transporter (Fig. 4A).
Next, we examined the glycan structures that were altered in

senju1. To avoid feedback effects from the activated Toll sig-
naling pathway, we compared the glycan profiles of the dl/Dif
mutant and the senju1 larvae in a dl/Dif mutant background by
using a lectin array (31); thus, lymph gland lysates prepared from

Fig. 3. Spz is activated in senju1 in the absence of immune challenge.
(A) Schematic depiction of the extracellular Toll pathway. (B) Epistatic analysis
of senju1 and Toll activator mutants (PGRP-SAseml, GNBP3hades, psh1, ModSP1,
grassHarrade, SPESK6, and spzrm7). Drs mRNA expression was measured by qRT-
PCR, normalized, and expressed relative to that in senju1 (which was set at 1).
**P < 0.01 (Student t test). (C) Expression of Drs mRNA in srp-Gal4 > UAS-
necmyc; senju1 larvae. (D) Immunoblot analysis of hemolymph from WT and
senju1 larvae using an anti-Spz C106 antibody. The image was taken in the
same blotted membrane under the same conditions, and unnecessary lanes
were removed.

Fig. 2. Loss of senju induces hyperactivation of the innate immune re-
sponse. (A) qRT-PCR analysis of Drs expression served as a readout for Toll
signaling. Drs expression in challenged (+) and unchallenged (−) WT (CS)
larvae [which was set at 1 (control)] and in the unchallenged mutant larvae
senju1, senju1 J4, and srp-Gal4 > UAS-senjumyc senju1. (B and D) qRT-PCR
analysis of other innate immunity genes, namely Tep1 (used as a readout for
the JAK/STAT pathway) (B) and puc (used as a readout for the JNK pathway)
(D) in immune-challenged (+) and unchallenged (−) WT larvae (CS) and in
the unchallenged mutant larvae, senju1. The values in unchallenged WT
were set at 1 (control). (C) senju1;2×STAT-GFP larvae also showed constitu-
tive JAK/STAT pathway activation. (E) qRT-PCR analysis of Dpt (used as a
readout for the Imd pathway) in senju1 larvae in the absence of immune
challenge. Larvae were challenged with M. luteus (A, B, and D). *P < 0.05
and **P < 0.01 (Student t test).
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control and senju1 larvae were labeled with Cy3 and applied to
the lectin array (which comprised 45 different lectins fixed on a
glass slide). Because the coefficient of variation (CV) associated
with this method is 10% (Glycotechnica), changes in binding in-
tensity of >20% (twice the CV) were considered significant. As
shown in Fig. 4B and Dataset S1, five of the six lectins (RCA120,
SNA, BPL, UEA-I, and MAL-I) that were less reactive with the
senju1 lysate than with the control lysate recognized N-linked and
O-linked glycans that contained galactose. This reduction of
galactose-containing glycans is consistent with the finding that
Senju acts as a UDP-galactose transporter. Among the five lectins,
BPL and RCA120 lectins provided higher signal intensities than the
other three lectins (Dataset S1). By contrast, the lectins that were
more reactive with the senju1 lysates recognized mannose, GlcNAc,
and GalNAc. These results indicate that some components of
N-linked and O-linked glycans, which are distal to the galactose
residue, are not synthesized in senju1. Therefore, GlcNAc and
GalNAc are exposed at the ends of these aberrant glycans, which
may explain why the lectins recognizing GlcNAc and GalNAc were
more reactive with senju1 lysates.

The next question was whether the glycosylation of compo-
nents of the Toll signaling pathway is actually impaired in senju1.
We examined the glycosylation of Spz because, of all of the
known extracellular components of the Toll pathway, Spz was the
only protein that was required for the Toll hyperactivation in senju1

(Fig. 3B). A Myc-tagged Spz protein was expressed using srp-Gal4
in the immune organs of WT and senju1 larvae. The protein was
then immunopurified and subjected to immunoblot analysis with an
anti-Myc antibody (Fig. 4C, Upper). Two bands were detected, both
corresponding to expressed Spz. The difference in the molecular
weights was due to heterogeneity of N-glycosylation: the proteins
had the same molecular weight after treatment with PNGase, which
specifically removes N-linked glycans from proteins. The higher-
molecular-weight band (as indicated by the arrow in Fig. 4C, Up-
per), which is likely to represent Spz-bearing N-linked glycans with
additional branching or extensions on galactose residues, was ab-
sent in senju1. This result indicates that the N-linked glycans distal
to galactose residues on Spz are not fully synthesized in senju1 due
to the low levels of UDP-galactose present in the Golgi lumen. The
low-molecular-weight form of Spz (as indicated by the arrowhead in
Fig. 4C, Upper) in senju1 may also carry small but significant defects
in glycosylation. Although defects in N-linked glycans could be
detected by this electrophoretic analysis, it was hard to determine
whether O-linked glycans were also impaired in senju1 because
O-linked glycans, apart from the glycosaminoglycan and mucin
types, are generally smaller than N-linked glycans. We also in-
vestigated the glycosylation of SPE, which is not involved in Toll
activation in senju1 (Fig. 3B). Immunoblot analysis showed that the
molecular weight of Myc-tagged SPE expressed in the immune
organs of WT and senju1 were the same and that treatment with
PNGase F reduced the molecular weights of both proteins such that
they were the same size. These results indicate that glycosylation of
SPE is not impaired in senju1 (Fig. 4C, Lower).
The data presented above suggested two possibilities: (i) that

Senju-dependent glycosylation of Toll pathway proteins negatively
regulates the Toll pathway and (ii) that the altered glycan structure
in senju1 is recognized as non-self, thereby leading to activation of
the immune response. To distinguish between these two possibili-
ties, we performed an experiment in which the hemolymph of WT
and senju1 larvae was transferred to WT flies. As expected, transfer
of senju1 hemolymph up-regulated Toll activation to a greater ex-
tent than transfer of WT hemolymph (Fig. 4D). If a Toll pathway
protein is activated in senju1, then heat-denatured senju1 hemolymph
would not up-regulate Toll activation to a greater extent than heat-
denatured WT hemolymph. By contrast, if altered glycans activate
the Toll pathway, heat-denatured senju1 hemolymph (which con-
tains altered glycans) would up-regulate the Toll pathway. The
results clearly showed that the level of Drs mRNA in WT flies
injected with heat-denatured senju1 hemolymph was comparable
with that in WT flies injected with heat-denatured WT hemolymph
(Fig. 4D). These data suggest that Toll activation in senju1 is likely
caused by hyperactivation of a pathway protein rather than by the
recognition of altered glycans as non-self.

Toll Activation Reduces Galactose-Containing Glycan Levels, Which Is
Needed to Raise the Immune Response to an Adequate Level
Following Infection. The data above suggested that galactose-con-
taining glycans negatively regulate the Toll signaling pathway. This
regulation is conserved at both the larval and adult stages because a
few adult senju flies (escaper) exhibited significantly higher levels of
Drs expression than adult control flies (Fig. S6A). We next asked
whether infection alters the amount of these glycan structures in
adult flies, as infection experiments yielded more reliable results at
the adult stage. To mimic pathogen infection, we first expressed the
activated form of Toll, Tl10B, in the fat body, an organ in which the
Toll pathway is mainly activated after infection, and examined gly-
can expression in the hemolymph (which contains hemocytes and
Spz) using a lectin array. The hemolymph of Tl10B-expressing flies

Fig. 4. Senju, a UDP-galactose transporter, is required for the synthesis of
galactose-containing glycans. (A) Transportation of various nucleotide sugar sub-
strates by Senju. *P < 0.05 (Student t test). (B) Lectin microarray analysis of lymph
glands from dl/Dif mutants (J4, control) and senju1 with a dl/Dif mutant back-
ground (J4, senju1). The binding of senju1 lysates to less and more reactive lectins
is shown relative to that of control fly lysates. The specificities of the lectins are
shown. The galactose moieties are highlighted in red. (C) Synthesis of N-linked
glycans onMyc-tagged Spz and SPE in senju1. Immunoblot analysis using an anti-
Spz C106 antibody (Upper) or an anti-Myc antibody (Lower), respectively. The
genotypes of larvae used in this study were srp-Gal4 > UAS-spz-myc and srp-
Gal4 > UAS-spz-myc;senju1, or srp-Gal4 > UAS-SPE-myc and srp-Gal4 > UAS-
SPE-myc;senju1. The SPE imagewas taken in the same blottedmembrane under
the same conditions, and the left half was flipped horizontally. (D)Drs expression
in WT flies after the transfer of native or heat-denatured senju1 or WT hemo-
lymph [which was set as 1 (control)]. *P < 0.05 (Student t test).
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showed almost no reactivity with BPL and RCA120 lectins (Fig.
5A). These results suggest that immune challenge causes dega-
lactosylation of glycans. We further confirmed that infection by
pathogens actually alters the amount of these glycan structures.
Hemolymph from WT flies was collected 24 h after infection with
Bacillus subtilis (B. subtilis). Lectin array analysis using BPL and
RCA120 lectins showed that immune challenge reduced the level of
reactivity with these lectins (Fig. 5B). Interestingly, the size of the
reduction in reactivity with the BPL lectin after immune challenge
was comparable with that observed in senju1.
We next investigated whether the amounts of galactose-con-

taining glycans affect the strength of the immune response to in-
fection. The hemolymph of flies overexpressing Myc-tagged senju
in immune organs (driven by srp-Gal4) showed markedly increased
reactivity with BPL and RCA120 lectins, which recognize typical
galactose residues, suggesting that senju-overexpressing flies have
large amounts of galactose-containing glycans (Fig. 5C). Next, we
examined whether senju-overexpressing flies exhibited reduced Drs
mRNA expression after infection with gram-positive bacteria. In-
deed, larvae and flies overexpressing Senju in immune organs
(driven by srp-Gal4) showed 53% and 62% of theDrsmRNA levels
observed in WT larvae and flies, respectively (Fig. 5D). Finally, we
used the ubiquitously expressed driver, da-Gal4, to test suscepti-
bility to microbial infection in senju-overexpressing flies. Following
immune challenge with B. subtilis, the survival rate of senju-over-
expressing flies was lower (61.5% at 45 h after infection) than that
of WT flies (87.1%) (Fig. 5E). A similar result was obtained when
we used srp-Gal4 to overexpress Senju in immune organs (Fig.
S6B). This reduced resistance of senju-overexpressing flies to
B. subtilis infection was consistent with the low-level induction of
Drs mRNA. Taken together, we conclude that high levels of
galactose-containing glycans reduce the strength of the immune re-
sponse following infection.

Discussion
Proper regulation of immune responses is critical for health.
Inappropriate activation of inflammatory responses or lack of
immune signaling lead to serious conditions such as inflammatory
diseases or immunodeficiency, respectively. Recent studies reveal
that innate immunity is regulated by multiple factors, including
sumoylation and the retromer complex, which fine tune immune
activity (32, 33). The present study clearly showed that glycosylation
plays an important role in maintaining innate immune homeostasis
and activation of immune responses.

Several studies show that pathogen glycans are involved in
pathogen recognition and the interactions between host molecules
and microbes (34, 35); however, the mechanisms by which host
glycans regulate innate immune signaling pathways in vivo remain
to be identified. The present study provides in vivo evidence for
the essential role of host glycosylation in innate immune quies-
cence. Drosophila immunity is controlled by various signaling
pathways such as Toll, Imd, JNK and JAK/STAT pathways. In
senjumutants, Toll, JNK, and JAK/STAT pathways were activated
in the absence of infection. Because these pathways can activate
each other by complex cross-talk, it is difficult to determine
whether only the Toll pathway or all or some of the other path-
ways are also directly activated in senju1.
Our epistatic analysis suggested that the constitutive activation

of the Toll pathway in senju1 depends on Spz. The precursor form
of Spz isN-glycosylated, and the Spz molecules that are expressed in
senju1 exhibited impaired glycan synthesis (Fig. 4C). By contrast, no
glycan defects were observed in the SPE expressed in senju1 (Fig.
4C). SPE is not necessary for Toll pathway activation in senju1 (Fig.
3B); thus, Spz is a candidate protein whose inadequate glycosylation
may be responsible for the hyperactivation of the Toll pathway in
senju1. It remains possible that the Senju-dependent glycan regu-
lates an unknown pathway that can activate Spz.
Genetic remodeling of protein glycosylation in mice reveals

that glycans play important roles in autoimmune disease and in-
flammation (36). Conversely, infection and inflammation lead to
changes in host glycan structure (37). Although it is well known
that pathogens express enzymes that directly alter host glycans and
thereby facilitate their life cycle (e.g.,Haemophilus influenzae), it is
unclear whether glycan changes that are achieved by the host
cellular machinery (e.g., by regulating glycosyltransferase or other
pathways) are beneficial for host defense. Our results show that
host-driven glycan changes in response to Toll activation may be
an efficient mechanism by which the host combats microbes. As
mentioned above, galactose-containing glycan is a negative regu-
lator of Toll signaling. When the Toll pathway is activated by in-
fection, the galactose-containing glycan levels decrease (Fig. 5B).
This effect is independent of pathogen-derived enzymes because
these glycan changes were observed in Tl10B-expressing flies that
had not been challenged with pathogen (Fig. 5A). The dega-
lactosylation may result in up-regulation of the Toll signaling
pathway because the analysis of senju mutants showed that de-
letion of galactose residues increased Toll signaling. These glycan
changes induced by Toll activation may contribute to the rapid

Fig. 5. Toll activation results in reduced levels of
galactose-containing glycans in the hemolymph,
which raises the immune response to an adequate
level. (A) BPL and RCA120 lectin reactivity of the
control (lsp2-Gal4, −) and Toll-activated (lsp2-Gal4 >
UAS-Tl10B, Tl10B) hemolymph. (B) BPL and RCA120 lectin
reactivity of immune-challenged (with B. subtilis) (+),
unchallenged (−) WT, and unchallenged (−) senju1

hemolymph. (C) BPL and RCA120 lectin reactivity of
senju-overexpressing (srp-Gal4 > UAS-senjumyc) (+)
and control (srp-Gal4, −) hemolymph. (D) Drs expres-
sion in immune-challenged (with B. subtilis) larvae and
adult flies. (+) indicates senju-overexpressing strains
and (–) indicates control srp-Gal4 strains (set at 1). *P <
0.05 (Student t test). (E) Survival of senju-over-
expressing (daGal4 > UAS-senjumyc, Da > senju) and
control (daGal4>, Da) flies after immune challenge
with B. subtilis (+) or no challenge (−).
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elimination of pathogens in the acute phase in cooperation with the
increased expression of spz, Tl, and SPE. Senju-overexpressing flies,
which have large amounts of galactose-containing glycan (Fig. 5C),
showed reducedDrs expression and viability after infection (Fig. 5D
and E and Fig. S6B), which suggests that the reduction in the levels
of galactose-containing glycan is important for generating adequate
immune responses to infections. Taken together, the results of the
present study indicate the presence of a novel mechanism that
regulates the immune response through changes in glycan structure.
Degalactosylation is thought to be caused by two possible

mechanisms. One is activation of the degradation of galactose-
containing glycans associated with Toll activation. Another mech-
anism is suppression of synthesis of galactose-containing glycans.
Recent reports showed that treatment with proinflammatory cyto-
kines (IL-1 and TNFα) affects the expression of glycosyltransferases
and leads to glycan changes in mammals (38, 39). Therefore, the
activation of Toll signaling by infection may also involve regulation
of the activity of as-yet-unidentified galactosyltransferases and/or
enzymes that are required for UDP-galactose biosynthesis, al-
though the level of senju mRNA in the Tl10B-expressing flies was
unchanged (Fig. S7). Further studies are needed to fully understand
the mechanisms underlying the changes in glycan structure that
occur in response to Toll pathway activation.
In summary, we identified a novel mechanism that regulates

innate immune quiescence and activation via changes in glyco-
sylation status during steady state and infection, respectively.

Materials and Methods
Generation of senju KO Flies. senju KO flies were generated using ends-out
technology. A targeting vector was designed to replace the entire senju gene
with the white gene. See SI Materials and Methods for a detailed description.

Quantitative RT-PCR. Real-time PCR was performed by using a 7500HT Fast
Real-Time PCR system (Applied Biosystems). The amounts of amplified
transcript were normalized against an internal control (ribosomal protein
32). See SI Materials and Methods for a detailed description. The primers
used are listed in Table S1.

Lectin Array. Extracted proteins (1 μg) from lymph glands or hemolymph
were labeled with Cy3 Monoreactive Dye (GE Healthcare) and subjected to
glycan profiling analyses using their LecChip lectin array chips and an eva-
nescent-field fluorescence scanner (Glycostation Reader 1200; SC-Profiler;
Glycotechnica Ltd.; www.glycotechnica.com/). The net signal intensity values
from three spots were then averaged. See SI Materials and Methods for
a detailed description.

Statistical Analysis. Statistical analysis was performed by the Student t test
using Microsoft Excel.
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