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ACKR4a induces autophagy to block
NF-kB signaling and apoptosis
to facilitate Vibrio harveyi infection

Ya Chen," Baolan Cao," Weiwei Zheng," and Tianjun Xu'-2:3*

SUMMARY

Autophagy and apoptosis are two recognized mechanisms of resistance to bacte-
rial invasion. However, bacteria have likewise evolved the ability to evade
immunity. In this study, we identify ACKR4a, a member of an atypical chemokine
receptor family, as a suppressor of the NF-«B pathway, which cooperates with
Beclin-1 to induce autophagy to inhibit NF-«B signaling and block apoptosis, facil-
itating Vibrio harveyi infection. Mechanistically, V. harveyi-induced Ap-1 acti-
vates ACKR4a transcription and expression. ACKR4a forms a complex with
Beclin-1 and MyD88, respectively, inducing autophagy and transporting MyD88
into the lysosome for degradation to suppress inflammatory cytokine produc-
tion. Meanwhile, ACKR4a-induced autophagy blocks apoptosis by inhibiting cas-
pase8. This study proves for the first time that V. harveyi uses both autophagy
and apoptosis to evade innate immunity, suggesting that V. harveyi has evolved
the ability to against fish immunity.

INTRODUCTION

The immune system is generally divided into innate and acquired immunity, with most organisms relying
primarily on innate immunity for survival." The innate immunity is a defense mechanism formed in organ-
isms. It recognizes the pathogen-associated molecular pattern (PAMP) through the pattern recognition re-
ceptors (PRRs), makes a rapid response to pathogenic infection, and protects the host from infection.”> As
an important PRR, toll-like receptors (TLRs) can initiate a wide range of responses from phagocytosis to
cytokine production, thereby further enhancing inflammatory and innate immune responses.” In most
cases, TLRs signal primarily through a MyD88-dependent pathway, which transmits signals through
cascade reactions to activate nuclear factor-kappa B (NF-kB).> NF-kB is one of the key factors in the
initiation of innate immunity and is essential for the coordination of the inflammatory response, innate
immunity, cell differentiation, proliferation and survival, and is considered to be the main initiator of the
inflammatory response.® When bacteria infect the host, downstream effectors of the innate immune
response such as cytokines and chemokines are synthesized, and ultimately lead to an inflammatory
response to block the growth of bacteria. However, in coevolution with their hosts, bacteria have also
developed various regulatory strategies to evade and subvert their host's defense.

Autophagy and apoptosis are thought to be the two important pathways against bacterial invasion.” Auto-
phagy is a conservative process which transports abnormal proteins to lysosomes for degradation and plays
an important role in innate immunity of eukaryotes against bacterial invasion.”” However, some bacteria
evade immunity by using autophagy in mammals. Normally, cells aim to remove invading extracellular bacteria
and colonizing bacteria in the cytoplasm through autophagy,'” but some bacteria are able to 'hijack’ auto-
phagy to complete self-growth and reproduction.'’™"® For instance, Unc-51-like kinase 1 (ULK1), Beclin1,
microtubule-associated protein light chain 3 (LC3), and autophagy-related proteins (ATGs) cooperate to
form autophagosomes, which encapsulate invading microorganisms and transport them to lysosomes for
degradation.'*"'* However, Mycobacterium tuberculosis down-regulates Beclin-1 to prevent autophagosome
formation, ultimately inhibiting autophagy and promoting infection.'” In contrast with the inhibition of
autophagosome formation, some bacteria use autophagosomes to complete self-replicating sites to promote
proliferation.”’'® In addition to autophagy, apoptosis is also a means of host defense against invading path-
ogens.’Apoptosis is a cell death pattern used to remove damaged cells to maintain the stability of the sys-
temic environment.'” On receiving a signal of bacterial invasion, the host induces apoptosis of infected cells
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to inhibit bacterial infection.”” Therefore, successful bacterial colonization depends on its ability to prevent
apoptosis and protect bacterial replication. For instance, Edwardsiella tarda ensures its survival by inhibiting
apoptosis after infection of zebrafish ZF4 cells,”' Shigella achieves successful colonization by inhibiting
apoptosis,”” and S protein produced by group A streptococcus (GAS) binds to the erythrocyte membrane
to evade detection of the host immune system.”” Although many bacteria have been proved to have evolved
the ability to evade immunity, there are a few reports in marine pathogens. Vibrio harveyi belongs to the Vi-
brionaceae family, which is recognized as a highly pathogenic agent of marine fish; it causes gastroenteritis,
muscle necrosis, and skin ulcers, and is one of the main causes of marine fish mor‘fali‘cyA24

Except for autophagy and apoptosis, some bacteria (e.g., Staphylococcus aureus) can even use their host's
chemokine receptors to evade immunity.”> Chemokine receptors are G protein-coupled receptors (GPCRs)
found mainly on the surface of leukocytes. They contain seven transmembrane structures, which are
involved in ligand binding and signaling, and play a key role in the initiation and maintenance of immune
and inflammatory responses.”® As chemokine research progressed, atypical chemokine receptors (ACKRs)
were discovered.”’ Although ACKRs are structurally similar to other chemokine receptors and can inter-
nalize ligands, they cannot activate the signal transduction pathway because of the lack of the DRYLAIV
domain, which is also called “silent receptor”.”® The function of ACKRs may be reflected in the following
ways: 1. They can compete with typical receptors to bind chemokine, and thereby, regulate the signal trans-
duction of cell chemotaxis; 2. By internalizing chemokine into cells, the concentration of chemokine in the
environment is reduced to affect cell recruitment and act as a chemokine scavenger. 3. They assist chemo-
kines to complete cross-cell transport through the stromal cell barrier.”” The ACKRs family mainly including
DARC,*° D6 °"*?, CXCR7,%® and CCRL1,** CCRL1 is also known as atypical chemokine receptor 4 (ACKR4).
At present, some studies have shown that ACKR4 seems to realize signal transduction through the G pro-
tein independent pathway,*” and it has non-redundant roles in controlling inflammation and immune
response.’® Its role in adaptive immunity is well known, but its function in innate immunity is rarely studied.

In innate immunity, the signal transduction of the TLR pathway is highly conserved from invertebrates to
mammals. As a core protein of TLR signaling, MyD88 has been widely studied in vertebrates. In addition,
because of the highly conserved structure of MyD88, its homologs in fish may have similar function to those
in mammals.*”"* In zebrafish, MyD88 has been shown to be involved in the clearance of bacterial infec-
tions."" Previous studies have also confirmed that V. harveyi evades immunity by destroying the signal
transduction of MyD88.%? However, the mechanisms of how V. harveyi evades immunity remain poorly un-
derstood in teleost fish. In this study, ACKR4a was rapidly up-regulated in V. harveyi-stimulated Miichthys
miiuy. The up-regulated ACKR4a both suppressed innate immunity by inducing autophagy to block the
MyD88-mediated NF-kB pathway, and inducing autophagy to block apoptosis, so as to enhance V. harveyi
infection. To the best of our knowledge, this report is the first to elucidate that V. harveyi has been found to
use both autophagy and apoptosis to evade innate immunity.

RESULTS
V. harveyi infection induces ACKR4a expression to promote self-proliferation

To identify genes that are potentially involved in the regulation of V. harveyi infection, we treated miiuy croaker
with V. harveyi for 48 h, then used RNA-seq analysis to screen the different expression genes (DEGs) between
V. harveyi treated and untreated spleen samples. From the deep-sequencing data, we identified 145 up-regu-
lated genes and 280 down-regulated genes (Figure 1A). On this basis, we selected the 10 largest and 10 least
DEGs (log2 of fold change was 1.0) for clustering heatmap, and the result showed that the respective samples
in both the V. harveyi treated and untreated samples were well replicated (Figure 1B). The ACKR4a mRNAs
were examined and found it was highly expressed in M muiiy brain after V. harveyi infection (Figure S1A).
So the M. muiiy brain cell line (MBrC) was used for subsequent experiments. The knockdown efficiency of
ACKR4a-si1 is 46.1% and ACKR4a-si2 is 63.7% in MBrC (Figure S1B), so ACKR4a-si2 (named ACKR4a-si) was
used for subsequent experiments. Subsequently, we focused on the gene ACKR4a, which may have an im-
mune function, and the colony-forming units (CFU) assay results revealed that ACKR4a promoted V. harveyi
proliferation (Figures 1C, 1D, and S1C). To further investigate the mechanism by which ACKR4a promotes
V. harveyi proliferation, the expression pattern of ACKR4a was analyzed. It is clear that ACKR4a in MBrC cells
was regulated by V. harveyi. The results showed a time-dependent manner with V. harveyi infection at both
mRNA and protein levels (Figures 1E and 1F). In addition, ACKR4a silencing effectively suppressed the expres-
sion of ACKR4a at both mRNA and protein levels (Figures 1E and 1G). The above results indicated that the up-
regulation of ACKR4a may facilitate V. harveyi infection.

2 iScience 26, 106105, March 17, 2023

iScience



iScience ¢? CellPress
OPEN ACCESS

A B
- up - no - down
10.0¢ 200
1.50
1.00
8759 0.50
g 0.00
G 5.0 -0.50
% -1.00
g a5 -1.50
0.0 - =
-10 0
log2 of Fold change
trim39
— . gimap2
O null V.h .
o o e abi3bp
epgs
[0 btn1at
PN IS S N
R
& & &
ERRtRe
D
50 E null
V. harveyi+ ACKR4a [ V. harveyi + ACKR4a-si —=  [V.harveyi
g 40 V. harveyi+ACKR4a
g 30 [ V. harveyi+ACKR4a-si
c
S 20
[T
o 10
0
E F G
3 == Ctl
0 + === ACKR4a-si i
9 null V. harveyi
2 B Time () Ctrlsi + — — + — —
< " : ime ACKR4a-sil — + — — + —
z L Vharveyi ;g 45 ACKR4asi2 — — + — — +
I ACKR4a [ w—— ACKR4a [ o |
© -
3 Tubulin [——— Tubulin | e ————
2
[$)
0
< "4 8 12
V. harveyi —————

Time (h)

Figure 1. V. harveyi-induced ACKR4a facilitates its self-proliferation

(A) Volcano plot was drawn based on log2 of Fold change >1 for up-regulated genes and log2 of Fold change <1 for
down-regulated genes.

(B) Heatmap was drawn with the RNA-sequencing data.

(C and D) Cells were transfected with ACKR4a or ACKR4a-si, lysates from V. harveyi infected cells were incubated on
2216E Agar plates for 12 h, and the colony forming unit (cfu) was counted.

(E) MBrC was transfected with Ctrl-si and ACKR4a-si, and then cells suffered V. harveyi infection for different times.
ACKR4a mRNAs were detected by gqPCR.

(F) MBrC suffered V. harveyi infection for different times and ACKR4a protein was detected by immunoblot.

(G) MBrC was transfected with Ctrl-si and ACKR4a-si, and then cells suffered V. harveyi infection. ACKR4a protein was
detected by immunoblot. The data are shown as the mean + SE of three independent experiments. (*) p< 0.05, (**) p<
0.01 versus the controls.

ACKR4a inhibits V. harveyi-triggered NF-«B signaling

We found that the rate of cell proliferation was affected when MBrC was infected with V. harveyi, and to
verify this finding we performed cell proliferation assays. The results showed that V. harveyi infection did
reduce the proliferation of MBrC (Figure S1D). Subsequent experiments have confirmed that ACKR4a over-
expression reduced cell proliferation, whereas ACKR4a silencing enhanced cell proliferation (Figure 2A
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Figure 2. ACKR4a inhibits V. harveyi-triggered NF-kB signaling

(A) MBrC cells were transfected or treated with BAY 11-7082 for 24 h, and then infected with V. harveyifor 6 h before the cell proliferation assay, proliferating
cells were counted.

(B-D) EPC cells were transfected with NF-kB, IL-1B, and TNFa reporter gene. Cells were treated with V. harveyifor an additional 12 h at 24 h after transfection
followed by detection of luciferase activity.

(E-G) MBrC was transfected with ACKR4a-si or Ctrl-si and then treated with V. harveyifor an additional 12 h at 24 h after transfection. NF-«B, IL-1B, and TNFo.
mRNAs were analyzed by gPCR.

(H-J) (H) TNFa production was detected by ELISA in ACKR4a silenced and ACKR4a-overexpressed MBrC with V. harveyi infection for 24 h. MBrC was
transfected with ACKR4a-si (1) or Flag-ACKR4a (J), and then cells were treated with V. harveyi for an additional 12 h at 24 h after transfection, subsequent to
immunoblot detection of pé5 phosphorylation.

(K) Cells were transfected with ACKR4a or treated with BAY 11-7082, lysates from V. harveyi infected cells were incubated on 2216E Agar plates for 12 h, and
the colony forming unit (cfu) was counted. The data are shown as the mean + SE of three independent experiments. (*) p< 0.05, (**) p< 0.01 versus the

controls.

and S1E). Several studies have demonstrated that activation of NF-kB promotes cell proliferation. It was
found that BAY 11-7082, the inhibitor of NF-kB, could also reduce the proliferation of MBrC (Figure 2A
and S1E). Similar to previous reports,”” the increase of NF-kB-luc was associated with the V. harveyi infec-
tion in a time-dependent manner (Figure STF).

To further determine the effect of ACKR4a on V. harveyi-triggered NF-kB signaling, a luciferase reporter
assay was performed. ACKR4a significantly inhibited V. harveyi- and LPS-triggered NF-«B luciferase activ-
ity; V. harveyi-triggered IL-1B and TNFa luciferase activity was also inhibited by ACKR4a (Figures 2B-2D).
Endogenous ACKR4a was silenced to validate its role in the innate immunity. Then the expression patterns
of p65 and pro-inflammatory cytokines (IL-1B and TNFa) were further detected, ACKR4a silencing drasti-
cally increased pé5 mRNAs, IL-18 mRNAs, and TNFa mRNAs (Figures 2E-2G). The results in MLC and
MKC also indicated ACKR4a could inhibit NF-kB signaling (Figures S1G-S1J). The ELISA results were
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Figure 3. ACKR4a interacts with MyD88 and promoters MyD88 degradation in autophagy

(A-C) MBrC was transfected with indicated plasmids for 24 h, followed by detection of luciferase activity.

(D) MBrC was transfected with indicated plasmids for 24 h, followed by detection with immunoblot.

(E) MBrC was transfected with ACKR4a-si or Ctrl-si, the expression of MyD88 was determined by qPCR after V. harveyi
infection for different times.

(F) MBrC was transfected with indicated plasmids, and then V. harveyi infected for different times, MyD88 was detected by
immunoblot. MBrC was transfected with ACKR4a-si and treated with V. harveyi for an additional 12 h at 24 h after
transfection, subsequent gPCR detection (G) and immunoblot detection of MyD88 (H).

(1) EPC cells were transiently transfected with Myc-MyD88 and Flag-ACKR4a, 36 h later, assessed before (WCL) or after (IP)

ACKR4a
cQ

immunoprecipitation with an antibody to Myc.

(J) Immunoblot analysis of interaction, EPC cells were transiently transfected with Flag-MyD88, 36 h later, assessed before
(WCL) or after (IP) immunoprecipitation with an antibody to Flag.

(K) EPC cells were transfected with the indicated plasmids for 24 h, cells were stimulated with MG132 (10 pM), 3-MA
(10 mM), or NH4CI (20 mM) for an additional 8 h, DMSO was as a negative control. MyD88 was detected and normalized to
tubulin.

(L and M) EPC cells were co-transfected with the indicated plasmids for 24 h; dose escalation-3-MA or NH,Cl was added
for an additional 8 h. MyD88 was detected and normalized to tubulin.
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Figure 3. Continued

(N) MBrC was co-transfected with MyD88, ACKR4a, and LC3-GFP-RFP for 24 h, and then cells were treated with CQ for 6 h.
The nuclei were stained by DAPI (blue).

(O) MBrC was transfected with GFP-MyD88, 24 h later, cells were treated for 90min with the 50 nM LysoTracker red DND-
99. The nuclei were stained by DAPI (blue). Pictures were taken by FCFM. Scale bar, 10 um; original magnification x40.
The data are shown as the mean + SE of three independent experiments. (*) p< 0.05, (**) p< 0.01 versus the controls.

also similar; ACKR4a silencing significantly increased TNFa and ACKR4a overexpression inhibited TNFa.
(Figure 2H). To evaluate the activation of NF-kB, it is more necessary to analyze the transliterated form,
that is phosphorylated NF-kB, and it is a measure of NF-kB activity on target genes. On stimulation of
NF-kB, pé5 is phosphorylated and enters the nucleus to regulate the transcription of pro-inflammatory cy-
tokines. To explore the regulation of pé5 phosphorylation by ACKR4a, we measured the phosphorylation
level of pé5 after ACKR4a silencing and ACKR4a-overexpression by immunoblot. V. harveyi infection
enhanced p65 phosphorylation, which proved that V. harveyi effectively activated NF-kB. On this basis,
ACKR4a silencing enhanced p65 phosphorylation, whereas ACKR4a-overexpression decreased pé5
phosphorylation, indicating that ACKR4a is an inhibitor of NF-kB signaling (Figures 2| and 2J). In zebrafish,
the knockdown of ACKR4a increased the phosphorylation of pé5. In addition, the CFU assay showed BAY
11-7082 significantly increase the proliferation of MBrC (Figure 2K). Overall, these data suggest that
ACKR4a functions as a negative regulator of NF-kB signaling to inhibit the innate immunity during V. har-
veyi infection.

ACKR4a interacts with MyD88 and promotes MyD88 for autophagic degration

Next, we sought to determine which target in NF-kB signaling mediates ACKR4a’s suppressive function.
The NF-kB-luciferase reporter assay revealed that overexpression of ACKR4a caused a reduction of
luciferase activity, which was induced by MyD88 in a dose-dependent manner (Figure 3A). However, over-
expression of ACKR4a showed no effect on luciferase activity driven by TRAF6 or TAKT (Figures 3B and 3C).
An immunoblot result was similar to the luciferase reporter assay; overexpression of ACKR4a inhibited
MyD88 in a dose-dependent manner, but there was no effect on TRAF6 and TAK1 (Figure 3D). These results
suggest that ACKR4a functions at the MyD88 level.

All mammalian TLRs, with the exception of TLR3, depend at least in part on MyD88 adaptor to transmit
signals, which makes direct regulation of MyD88 more effective.”* We then examined the expression of
MyD88 at different times of the V. harveyi infection and found ACKR4a silencing enhanced the expres-
sion of MyD88 (Figure 3E), and ACKR4a-overexpression inhibited MyD88 expression in a time-dependent
manner (Figure 3F). An interesting result was found that although ACKR4a silencing enhanced MyD88
expression triggered by V. harveyi, this enhancement was not present when the cells were resting
(Figures 3G and 3H). To better understand the molecular mechanism underlying the action of ACKR4a
in the MyD88-mediated NF-kB signaling, we carried out the Co-immunoprecipitation (Co-IP) assays to
determine whether ACKR4a interacts with MyD88. The Flag-ACKR4a could immunoprecipitate with
Myc-MyD88 (Figures 3l and S1K). Consistent with that, we found that Flag-MyD88 could interact with
endogenous ACKR4a (Figure 3J). Subsequent subcellular localization experiments showed ACKR4a
had no significant co-localization with MyD88 (Figure S1L). Thus, these findings support the concept
that ACKR4a physically interacts with MyD88, and their interaction likely occurs in the cytoplasm.
Next, we investigated the mechanism by which ACKR4a suppressed MyD88 expression. Either NH4ClI
or 3-Methyladenine (3-MA), inhibitors of the autophagy-lysosome-dependent degradation pathway, re-
sulted in a significant accumulation of MyD88 in the presence of ACKR4a, and MG132 did not affect the
degradation of MyD88 (Figure 3K). Moreover, similar results showed that 3-MA and NH4Cl significantly
blocked MyD88 degradation in a dose-dependent manner (Figures 3L and 3M). These findings seem
to suggest that blocking the autophagy effectively prevents ACKR4a-targeted MyD88 degradation.
Autophagic flux denotes the dynamic process of autophagy, which is a reliable indicator of autophagic
activity. Because GFP fluorescence is quenched in the lysosome, the stage of autophagy can be deter-
mined from the fluorescence of GFP and RFP.”” Observation of the yellow fluorescence in the Merge
panel showed more red fluorescence in the presence of ACKR4a, indicating ACKR4a promoted the
fusion of autophagosomes and lysosomes; whereas the autophagy inhibitor chloroquine (CQ) prevented
the fusion of autophagosomes and lysosomes, showing more yellow fluorescence (Figure 3N). To further
validate that ACKR4a targets MyD88 for autophagic degradation, a lysosomal localization assay was per-
formed, MyD88 (green) and lysosomes (red) were co-localized in MBrC cell (Figure 30), suggesting
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Figure 4. ACKR4a participates in the regulation of autophagy via Beclin-1

(A) MBrC was transfected with RFP-LC3 and then treated with V. harveyi at the indicated time. The extent of autophagy
was assessed by analyzing staining patterns of RFP-LC3, and quantitation of autophagy was shown.

(B) MBrC was transfected with Flag-ACKR4a or ACKR4a-si, together with RFP-LC3. 24 h later, cells were infected with V.
harveyi, and the percentage of cells with RFP-LC3 puncta was quantified (C).

(D) MBrC was transfected with ACKR4a-si or Ctrl-si. 24 h later, cells were infected with V. harveyi for 12 h. The positions of
LC3-I and LC3-Il were indicated.

(E) Cells were transfected the indicated plasmids for 36 h. ULK1, ATG5 and Beclin-1 mRNAs was detected by gPCR.

(F) MBrC was transfected with indicated plasmids for 24 h, followed by detection of luciferase activity.

(G) MBrC was transfected with indicated plasmids for 36 h, and then the immunoblot assay was performed.

(H) MBrC was transfected with Ctrl-si, ATG5-si and Beclin-1-si for 24 h, and then V. harveyi infected for an additional 6 h;
the immunoblot assay was performed.

(I) EPC cells were co-transfected with the indicated plasmids for 24 h, cells were stimulated with Baf1A (10 uM), 3-MA
(10 mM), or CQ (50 pM) for an additional 8 h, DMSO was as a negative control. LC3-I and LC3-Il were detected and
normalized to Tubulin.

(J) EPC cells were co-transfected with the indicated plasmids for 24 h, cells were infected with V. harveyi for 12 h. MyD88
was detected and normalized to Tubulin.

(K) EPC cells were transfected with Flag-ACKR4a for 24 h, then cells were infected with V. harveyi. 12 h later, assessed
before (WCL) or after (IP) immunoprecipitation with antibody to Flag.

(L) MBrC was transfected with GFP-Beclin-1, 24 h |ater, cells were treated for 90 min with the 50 nM LysoTracker red DND-
99. The nuclei were stained by DAPI (blue). MBrC was transfected with Flag-ACKR4a (M) or ACKR4a-si (N), 24 h later, cells
were infected with V. harveyi for 12 h. Beclin-1 was detected and normalized to Tubulin.
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Figure 4. Continued

(O) MBrC was transfected with ACKR4a-si or Ctrl-si. 24 h later, cells were infected with V. harveyi for 12 h, subsequent
immunoblot detection of p65 phosphorylation.

(P) Cells were transfected with Beclin-1-si, treated with CQ or DMSO, lysates from V. harveyi infected cells were incubated
on 2216E Agar plates for 12 h, and the colony forming unit (cfu) was counted. Pictures were taken by FCFM. Scale bar,
10 um; original magnification x40. The data are shown as the mean + SE of three independent experiments. (*) p< 0.05,
(**) p< 0.01 versus the controls.

MyD88 was transported to lysosomes. Taken together, these results suggest that ACKR4a interacts with
MyD88 and targets MyD88 for autophagic degradation.

ACKR4a participates in the regulation of autophagy via Beclin-1

Some bacteria use autophagy to promote their growth and infection, their replication will be reduced when
autophagy is absent.’” To test whether V. harveyi participates in the regulation of autophagy in MBrC cells, cells
were infected with V. harveyi and then the expression pattern of LC3 was examined. In MBrC cells, V. harveyi
exposure increased the autophagy as indicated by the accumulation of GFP-LC3 puncta, which was accompa-
nied by a time-dependent increase of V. harveyi infection (Figure 4A). ACKR4a overexpression enhanced V. har-
veyi-induced autophagy as shown by a remarkable increase in puncta accumulations of RFP-LC3, in contrast to
ACKR4a silencing which significantly reduced V. harveyi-induced autophagy (Figures 4B and 4C). In addition,
ACKR4a silencing resulted in a reduction in V. harveyi-induced LC3-Il expression (Figure 4D).

ULK1, Beclin-1 and ATG5 were the key regulatory proteins of autophagy. gPCR results showed that
ACKR4a significantly enhanced the expression of Beclin-1, but not ULK1 and ATG5 (Figure 4E). The lucif-
erase reporter assay of ULK1, ATG5 and Beclin-1 revealed that overexpression of ACKR4a only caused
an increase of Beclin-Tluciferase activity (Figure 4F). Next, we detected that overexpression of ACKR4a
enhanced the expression of Beclin-1, but not ULK1 and ATG5 (Figure 4G). Also, ACKR4a induced auto-
phagy was inhibited by Beclin-1-si, whereas ATG5-si only has partially inhibition (Figure 4H). The above re-
sults indicated that ACKR4a was targeted on Beclin-1. Therefore, the function and mechanism of Beclin-1in
ACKR4a-mediated autophagic degradation of MyD88 were investigated. In zebrafish infected with V. har-
veyi, knockdown of ACKR4a did not result in significant changes in ULK1 while significantly reducing
Beclin-1 and ATG5 (Figures S2B-S2D). Beclin-1 further enhanced ACKR4a-induced autophagic flux with
Baf1A and CQ treated (Figure 41), and Beclin-1 enhanced the degradation of MyD88 by ACKR4a (Figure 4J).
We then carried out the Co-IP assays to determine whether ACKR4a interacts with Beclin-1, and found that
ACKR4a interacts with Beclin-1, and V. harveyi infection enhanced the interaction between ACKR4a and
Beclin-1 (Figure 4K). A lysosomal localization assay indicated that ACKR4a enhanced the autophagosome
fuse with lysosome (Figure 4L). Subsequently, ACKR4a increases endogenous Beclin-1 expression (Fig-
ure 4M) and ACKR4a silencing attenuates V. harveyi-induced Beclin-1 expression (Figure 4N). In addition,
Beclin-1 silencing enhanced the phosphorylation of p65 triggered by V. harveyi, which further suggests that
V. harveyiinduces autophagy to negatively regulate NF-kB signaling (Figure 40). We next sought to deter-
mine the biological importance of Beclin-1in V. harveyi infection, particular in controlling V. harveyi prolif-
eration. The CFU assay was performed and found both Beclin-1 silencing and CQ-blocked autophagy
reduced the proliferation of V. harveyi, which proves that V. harveyi utilize autophagy to promote its
own proliferation (Figure 4P). The above results together reveal that ACKR4a induces and forms complexes
with Beclin-1 to promote autophagy, and then facilitate V. harveyi infection.

ACKR4a induced autophagy to blocked apoptosis

Autophagic cell death is considered a reasonable alternative to apoptosis, and apoptosis is also a recog-
nized antibacterial mechanism; successful bacterial infections complete self-replication by inhibiting
apoptosis.”” To determine the relationship between V. harveyi-induced autophagy and apoptosis, the
apoptosis of MBrC cells with different treatments before and after V. harveyi infection were determined,
and ACKR4a silencing increased V. harveyi-induced apoptosis (Figures 5A and 5B, the left panel). Because
caspase3 and caspase? are important in the initiation of apoptosis, they are widely accepted as reliable
indicators of apoptosis. A caspase Glo 3/7 assay showed that ACKR4a overexpression inhibited V. har-
veyi-induced caspase3/7 activity, whereas ACKR4a silencing enhanced V. harveyi-induced caspase3/7 ac-
tivity (Figure 5B, right panel). V. harveyi and exogenously added recombinant active caspase8 induced cas-
pase3/7 activity was inhibited by ACKR4a (Figure 5C), suggesting that ACKR4a is capable of efficiently
blocking apoptosis signaling. Although the ACKR4a induced autophagy has been demonstrated, further
studies are needed to investigate the role of autophagy in blocking apoptosis. As shown in Figure 5D

8 iScience 26, 106105, March 17, 2023

iScience



iScience ¢? CellPress
OPEN ACCESS

Ectr
A B V. harveyi
15 8 V. harveyi+ ACKR4a
M ctr V. harveyi . o = [ V. harveyi+ACKR4a-si
o o e S e S 56
2 ® pes 10 ©
e @
3 ° g
5] @2
[$)
0 0
o Cc
8 15 —— ctrl
e e B v o ’; ,E e ACKR4a
g ® 3 10
©
Sy N —
el 52}
a @
@ 2 5
©
a2 Q
' 2] 7]
Q14194 60%) @© ©
0 o 10t o o 0 (ST
i Time (h) 0 3 6 9 0 05 1 2
Annexin V-FITC V. harveyi Active Capase8 (U)
D == Ctl == ACKR4a-si F
o nul V. harveyi
° 15 2 1200 ey © 2500 ~B o — ¥ - -
o 2 o 2000 :
3 2 900 2 Te00 Beclin — — + -
< 10 %: 600 <Z( 1900 Beclin-1-si_ — — — +
< 4 = x Caspase8
x £ 5 € 500
= 5 AOI | | B 400
g, 13 Pl el ]
g o g ° 2 5%
@ 0.0 -
© g null V. harveyi © RV TRA harveyi
E == Ctrl ACKR4a G
w3 " 2 250 2 150 V. harveyi Oh 3h 6h oh
° > TN F *x
5 2 200 2 400 = Caspase8
<2 < 150 S '
P4 o4 ¥ 50 = LC3-l
4 £ 100 S 5 . :
E S e = o i, L3Il
T 1} @ .
£ g g Tubuiin [I—
5 g ) g
oo 8 o . 8 o y
null V. harveyi null V. harveyi

Figure 5. ACKR4a induces autophagy to block apoptosis

(A) Cells were stained with Pl and Annexin-V-FITC, and the positively stained cells were counted using FACScan (B, left
panel). (B, right panel) For caspase activity, 100puL/well of caspase 3/7 working solution was added and then incubates for
1 h at 25°C, protected from light. The plate was centrifuged at 800 g for 2 min, with fluorescence intensity monitoring at
Ex/Em = 490/525 nm

(C) MBrC was transfected with ACKR4a, 24 h later, cells were treated with V. harveyi for different or activity caspase8 for
different dosage. Then the caspase activity assay was performed. MBrC was transfected with ACKR4a plasmid and ACKR4a-si.
24 h later, cells were infected with V. harveyi, and gPCR assays (D and E) and immunoblot assay (F) were performed.

(G) MBrC was infected with V. harveyi for different times, and the caspase8 and LC3 were detected by immunoblot. The
data are shown as the mean + SE of three independent experiments. (*) p< 0.05, (**) p< 0.01 versus the controls.

ACKR4a silencing significantly increased the effector caspases (caspase?’) and the initiator caspases (cas-
pase8). In addition, ACKR4a overexpression inhibited caspase’ and caspase8 mRNAs (Figure 5E) and
ACKR4a knockdown significantly increased caspase? and caspase8 in zebrafish (Figures S2E and S2F). Pre-
vious studies have shown that Beclin-1 is a molecular switch that mediates apoptosis and autophagy pro-
cesses,” so the involvement of Beclin-1 in the regulation of apoptosis was explored. In our study, Beclin-1
overexpression down-regulated V. harveyi induced caspase8, whereas Beclin-1 silencing up-regulated V.
harveyi induced caspase8 (Figure 5F). An interesting result was found that caspase8 was significantly up-
regulated at 3 h of V. harveyi infection; it was again inhibited with increasing duration of infection, and
LC3-Il was negatively correlated with caspase8 (Figure 5G). According to the above results, ACKR4a
induced autophagy to block apoptotic signaling and facilitate V. harveyi infection, and Beclin-1 might
be a potential target in the cascade of autophagy and apoptosis.

Ap-1 enhances ACKR4a induced autophagy at V. harveyi infection

Subsequently, the mechanism of V. harveyi infection-induced ACKR4a expression was investigated. Four
different ACKR4a promoter plasmids were constructed first according to the promoter prediction
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Figure 6. Ap-1 enhanced ACKR4a induced autophagy at V. harveyi infection

(A) According to the ACKR4a promoter prediction sequences, the promoters of different lengths were constructed into
the PGL3-Basic reporter plasmid.

(B) EPC cells were transfected with the different promoters, and the luciferase actively was performed.

(C) Analysis of possible transcription factor binding sites in ACKR4a based on the promoter gene sequence of this sequence.
(D and E) MBrC was transfected with indicated plasmids for 24 h, followed by detection of luciferase activity.

(F) ACKR4a promoter region contains the potential Ap-1binding sites.

(G) Ap-1 promotes ACKR4a promoter activity. EPC cells were transfected with the indicated plasmid for 24 h, and then the
luciferase activity was assayed. MBrC was transfected with Ap-1-si or Ap-1 plasmid. 24 h later, cells were infected with V.
harveyi for different times. Then a gPCR assay (H and I) and immunoblot (J) were performed.

(K) ChIP analysis of Ap-1 binding to the promoter of ACKR4a. MBrC was treated with V. harveyi at the indicated time. ChIP
was performed with Flag-Ap-1 antibody.

(L) MBrC was transfected with GFP-LC3, AP-1-si. 24 h later, cells were treated with V. harveyi. The percentage of cells with
GFP-LC3 puncta was quantified.

(M) MBrC was treated as described in (L). The positions of LC3-I and LC3-Il are indicated.

(N) Cells were transfected with Ap-1 or Ap-1-si, lysates from V. harveyi infected cells were incubated on 2216E Agar plates
for 12 h, and the colony forming unit (cfu) was counted. The data are shown as the mean + SE of three independent
experiments. (*) p< 0.05, (**) p< 0.01 versus the controls.

sequences (Figure 6A). The luciferase assay showed that ACKR4a-p-3 activity was the highest (Figure 6B).
To identify the upstream activator of ACKR4a expression during V. harveyiinfection, the promoter region of
ACKR4a was analyzed and found that ACKR4a has potential binding sites of Sp-1 and Ap-1 (Figure 6C). The
ACKR4a-luc assay showed that Sp-1 could not enhance the luciferase activity and Ap-1 enhanced the lucif-
erase activity (Figures 6D and 6E), which raised the possibility that ACKR4a could be a direct target of Ap-1.
To examine this, two luciferase vectors consisting of mutant ACKR4a were constructed (Figure 6F). The
luciferase assay showed that mutants lacking Ap-1 binding site inhibited the luciferase activity in contrast
to wild-type (Figure 6G). To confirm that Ap-1 promotes ACKR4a expression, we silenced or enhanced the
expression of Ap-1 via overexpression or knockdown and ACKR4a expression was assessed in transfected
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Figure 7. A working model of how ACKR4a facilitates V. harveyi infection

MBrC cells. Ap-1 silencing significantly reduced V. harveyi-induced ACKR4a expression (Figure 6H),
whereas Ap-1 overexpression significantly enhanced ACKR4a expression (Figure 6l). The immunoblot re-
sults were consistent with the gPCR results, Ap-1 overexpression increased the expression of ACKR4a,
whereas Ap-1 silencing decreases the expression of ACKR4a (Figure 6J). ChIP analysis showed that Ap-1
binds to the ACKR4a promoter in MBrC cells under normal physiological conditions, and V. harveyi stim-
ulation enhanced the binding of Ap-1 to the ACKR4a promoter (Figure 6K). The above results confirmed
that ACKR4a is a potential transcriptional target of Ap-1. The function of Ap-1 in autophagy was then
explored; Ap-1 silencing effectively reduced the V. harveyi infection-induced accumulation of GFP-LC3
(Figure 6L), and it is also attenuated V. harveyi infection-induced up-regulation of LC3-Il (Figure 6M).
The CFU assay was performed to explore the role of Ap-1in V. harveyi infection, and found that AP-1 fa-
cilitates V. harveyi proliferation (Figure 6N). Taken together, the above results indicated that Ap-1 activates
ACKR4a transcription and expression and contributes to the V. harveyi infection.

DISCUSSION

ACKRs has been shown to be involved in several biological processes such as chemokine system regu-
lation, chemokine ligand internalization, intracellular degradation and inflammatory response,’”® which
is important not only for adaptive immunity, but also as an important component of innate immune sys-
tem.>>** However, the role of ACKRs in the inflammatory response to bacterial infection in fish has not
been investigated. This study demonstrates for the first time that ACKR4a, a member of ACKRs family,
promotes the infection of V. harveyi to teleost fish through autophagy and apoptosis. Mechanistically,
the transcription of ACKR4a was up-regulated by the transcription factor AP-1. Then the up-regulated
ACKR4a was synergized with Beclin-1 to induce autophagy and transported MyD88 to lysosomes for
degradation. Meanwhile, ACKR4a induces autophagy to blocked apoptosis, and then facilitated V. har-
veyi infection (Figure 7). Innate immunity plays a crucial role in protecting eukaryotes from endogenous
and exogenous pathogenic invasion.” As a result of long-term exposure to microorganisms, fish have
evolved more optimized innate immunity to protect them from infection.”” TLRs recognized PAMP
when bacterial infection occurs, and initiated an innate immune response via MyD88-dependent and in-
dependent pathways, which induced the production of pro-inflammatory cytokines to eliminate bacterial
infection. MyD88 is an essential adaptor in TLR signaling, with the exception of TLR3, all mammalian TLRs
utilize MyD88 to activate NF-kB signaling.”® Therefore, it may be the most effective to directly regulate
MyD88. For example, S-1-penylcysteine inhibits IL-6 production by inducing the degradation of MyD88.
Similarly in fish, IRF3 and elF3k have been reported to inhibit NF-«B signaling by targeting MyD88.%#*”
Accumulated evidence has also suggested that MyD88 was important for the elimination of bacterial in-
fections. For instance, MyD88-deficient mice could not recognize the bacterial components and were
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highly susceptible to S. aureus.” In addition, MyD88 has also been shown to be involved in the elimina-
tion of bacterial infections in zebrafish.”" The activation of the innate immune system promotes bacterial
clearance, which constitutes a major selective pressure, promoting them to evolve the ability to suppress
innate immunity.”">” It has been demonstrated that salmonella can regulate immune response and
manipulate inflammatory responses after infect host cells. The salmonella virulence SpvC irreversibly de-
phosphorylates ERK, p38, and MAPK, thereby inhibiting the transcription of pro-inflammatory cyto-
kines.”® In this study, the up-regulated ACKR4a in V. harveyi infected M. miiuy was combined with
MyD88 to inhibit pé5 phosphorylation and blocked NF-kB signaling. This suggests that bacteria can
also suppress the innate immunity of fish by interfering with the stability of adaptor in the TLR signaling
for the purpose of immune evasion.

Autophagy and apoptosis are two recognized mechanisms of resistance to bacterial invasion, with antimi-
crobial autophagy being a barrier against invading microorganisms. PRRs can induce autophagy at
different stages of host-bacteria contact, and inhibit the intracellular growth of bacteria.”* Conversely, bac-
teria have also evolved efficient mechanisms to prevent, combat or commandeer autophagy. These mech-
anisms often involve targeting Beclin-1 to block autophagy,®® preventing the maturation of autophago-
somes>® and even activating autophagy in some cases to provide nutrition for bacterial growth.”’
Differently, we found that V. harveyi induced Beclin-1-activated autophagy via ACKR4a, which targets
MyD88 for autophagic degradation, thereby blocking NF-kB signaling and promoting self-replication.
Another defense strategy is the programmed cell death (apoptosis), which is activated when pathogens
use host cells for survival and replication. For instance, mycobacterium infection of macrophages causes
apoptosis, which contributes to the elimination of bacteria form cells.”® In addition, TNF-a-mediated mac-
rophages apoptosis destroys the intracellular environment for mycobacterium replicates and reduces the
growth rate of infected mycobacterium.”” To combat the survival pressure of apoptosis, many successful
pathogens encode genes whose products inhibit apoptosis in host cells, thus maintaining the viability
for pathogen replication.®® Although these mechanisms have been well studied in mammals, little is known
about bacterial inhibition of apoptosis in fish. In our study, V. harveyiinduced autophagy plays a role in pre-
apoptotic stages and blocks the apoptotic signaling. Apoptosis and autophagy both promote and antag-
onize each other. In pre-apoptotic stages, cells block the apoptotic pathway and reduce the level of
apoptosis through autophagy, thus maintaining the advantage. Autophagy does not trigger cell death
in the early stages of apoptosis, but also promotes cell survival.’’ Autophagy during the late stage of
apoptosis may promote apoptosis, and then the increased apoptosis inhibits the occurrence of autophagy
through the migration of p53 and BH3 pathway.“” The biological process is tightly regulated, including the
interaction of autophagy and apoptosis. Numerous regulatory genes are involved in the interactive
response mechanism of apoptosis and autophagy, Beclin-1 being one of them.®® In addition to the regu-
lation of autophagy initiation, Beclin-1 is also involved in regulating apoptosis.*>** Studies have shown that
Beclin-1 loses its ability to resist apoptosis after being cleaved by activated caspases.®” This suggests that
Beclin-1 plays an important role as a “molecular switch” in the regulation of autophagy and apoptosis.

V. harveyiis a marine gram-negative bacterium that poses a serious threat to the health of marine aquacul-
ture fisheries. V. harveyi infection causes meningitis and encephalitis in fish,°* and V. harveyi infection
causes cerebral congestion in grouper.®’ In response to bacterial infection, the innate immune and inflam-
matory responses are the main defense systems of fish. However, bacteria have also evolved the ability to
evade immunity in symbiosis with their hosts. In summary, our results reveal a mechanism of V. harveyiim-
mune evasion in fish. ACKR4a induces autophagy to inhibit NF-kB signaling and block apoptosis, which in
turn facilitates V. harveyi infection in teleost fish. This is also the first time that gram-negative bacteria have
been found to evade immunity by simultaneously regulating innate immunity and apoptosis via autophagy.
This study provides insights into understanding the effects of autophagy on host-bacterium interaction in
teleost fish and provides a perspective on mammalian resistance to bacterial infection.

Limitations of the study

In this study, we proved that V. harveyi induces ACKR4a directly binds the Beclin-1 and initiate autophagy
to evade immunity. The detailed molecular mechanism behind Beclin-1 inhibiting apoptosis still remains to
be further investigated.

STARXxMETHODS
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit anti-Miiuy croaker MyD88 This paper N/A
Rabbit anti-ACKR4 CUSABIO Cat# CSB-PA001411
Mouse anti-Flag Beyotime Cat# AF519;RRID:AB_2895204
Mouse anti-Tubulin Beyotime Cat# AT819
Mouse anti-HA Beyotime Cat# AH158;RRID:AB_2895203
Mouse anti-Myc Beyotime Cat# AM926;RRID:AB_2895205
Mouse anti-Cy3 Beyotime Cat# A0521;RRID:AB_2923334
Rabbit anti-FITC Beyotime Cat# A0562;RRID:AB_2923335
Rabbit anti-p65 Beyotime Cat# AF0246;RRID:AB_2923151
Rabbit anti-phospho-p65 Beyotime Cat# AF5881
Rabbit anti-Bcelin-1 Boster Cat# PB9076
Rabbit anti-LC3lI Boster Cat# BM4827
Bacterial and virus strains
Vibrio harveyi This paper N/A
Chemicals, peptides, and recombinant proteins
DAPI Beyotime Cat# C1002
Critical commercial assays
Lipofectamine RNAIMAX Invitrogen Cat# 13778150
Lipofectamine 3000 Invitrogen Cat# 3000015
FastQuant RT Kit Tiangen Cat# KR106-03
BCA Protein Assay kit Beyotime Cat# P0012S
Caspase-Glo 3/7 Assay Kit Promega Cat# G8090
Endotoxin-Free Plasmid DNA Miniprep Kit Tiangen Cat# DP118
SYBR Premix Ex Tag™ Takara Cat# DRR041S
Deposited data
RNA sequencing This paper GenBank accession
number: PRINA845825
Experimental models: Cell lines
MKC This paper N/A
MLC This paper N/A
MBrC This paper N/A
EPC ATCC Cat# CRL-2872
HEK 293 ATCC Cat# CRL-3216
Experimental models: Organisms
Miiuy croaker (~50 g, five-months-old, This paper N/A
male or female)
Oligonucleotides
Primers are listed in Table S1 This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

pcDNA3. 1-Flag/HA/Myc This paper N/A

PGL3 Basic (or the mutant) This paper N/A

Software and algorithms

DNAMAN LynnonBiosoft https://www.lynnon.com/
GraphPad Prism 8 GraphPad Software https://www.graphpad.com
ImageJ NIH, USA https://imagej.nih.gov/ij
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Tianjun Xu (tianjunxu@163.com).

Materials availability
All materials generated in this study are available from the lead contact without restriction.

Data and code availability

® The High-throughput sequencing data reported in this paper have been submitted to GenBank with
accession number: PRINA845825.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics and animals

All animal experimental procedures were performed in accordance with the National Institutes of Health's
Guide for the Care and Use of Laboratory Animals, and the experimental protocols were approved by the
Research Ethics Committee of Shanghai Ocean University (No. SHOU-DW-2018-047). Miiuy croaker (~50 g,
five-months-old, sex-randomized) was obtained from Zhoushan Fisheries Research Institute, Zhejiang
Province, China. Fish was acclimated in aerated seawater tanks at 25°C for six weeks before experiments.
Animals were then randomly selected for study.

Cell line

M. miiuy brain cells (MBrC), M. miiuy kindey cells (MKC), and M. miiuy liver cells (MLC) were cultured in L-15
medium (HyClone) supplemented with 15% fetal bovine serum (FBS; Gibco), 100 U/ml penicillin,
and 100pug/ml streptomycin at 26°C. The above cell lines were prepared from the corresponding
tissues of the miiuy croaker. Tissues were minced thoroughly with scissors and pushed carefully through
a 100-um nylon mesh in L-15 medium containing penicillin (100 1U/ml), streptomycin (100 mg/ml),
2% fetal bovine serum (FBS), and heparin (20 units/ml) to give a single cell suspension. The filtered cell sus-
pension was loaded onto 34/51% Percoll (Pharmacia, USA) density gradient, and then centrifuged at 400 x
g for 40 minat 4°C. Subsequently, the supernatant was removed and the cells at the interfaces were ob-
tained with care and washed twice in L-15 medium at 300 x g for 10 minat 4°C. Cells were cultured in
L-15 containing 0.1% FBS at 26°C, 4% CO,. The cell pellet was re-suspended in fresh complete L-15 me-
dium supplemented with 20% FBS in next day. HEK293 cells were cultured in Dulbecco’s modified Eagle
medium (GE, USA) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, USA),
100 U mL—1 of penicillin, and 100 pg mL—1 of streptomycin at 37°C in 5% CO,.
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METHOD DETAILS
Bacterial infections
For M. miiuy challenge, 1ml of Vibrio harveyi (1.5x 108 cfu/ml) was injected into M. miiuy through the intra-
peritoneal injection, and then tissues were collected at 48 h after challenge. For cells infection, cells was
seed into 12-wells plate for 18h, the culture medium of cells was charged to L-15 without streptomycin

and penicillin, and then cells were infected with live V. harveyi with MOI of 5 for short infection (no longer
than 12h).

RNA isolation and real-time quantitative PCR

Total RNA was isolated with TRIzol reagent (Invitrogen) following the manufacturer’s protocol. Afterward, the
quality and concentration of total RNA were measured with Nanodrop 2000 (Thermo Fisher). cDNA was syn-
thesized with HiScript Il RT SuperMix for gPCR kit and Universal SYBR gPCR Master Mix (Vazyme) was used for
gPCR according to the manufacturer’s protocol. All samples were analyzed in triplicate and the expression
values, unless indicated, were normalized to B-actin. Primers used for gPCR analysis are listed in Table S1.
The procedure is as follows: 95°C for 3 min, 40 cycles of 95°C for 10s, 60°C for 10s, and 95°C for 15s.

Plasmids construction and transfection

ACKR4a was screen out based on previous RNA-seq data (GenBank accession number: PRINA845825). The
CDS of ACKR4a, Ap-1, and Beclin-1 were amplified from the M. miiuy cDNA through standard PCR
methods, and then the expression plasmids were cloned into pcDNA3.1 with different tags. All the recom-
binant plasmid was confirmed by western blot and Sanger sequencing. The PROMO database was used to
predict the transcription factors of ACKR4a, and different mutants were constructed based on the binding
site positions of the screened transcription factors in the ACKR4a promoter region. The ACKR4a, ULK1,
ATGS5, and Beclin-1 promoter was amplified from M. miiuy genomic DNA through standard PCR methods,
the wide-type and the mutants of ACKR4a promoter luciferase reporters were cloned into PGL3-Basic.

Transfection was carried out at a rate of 1.5 ul per 1pg of plasmid or 0.5nmol of siRNA according to the Lip-
ofectamine 3000 (Thermo Fisher) instructions to ensure transfection efficiency.

Dual-Luciferase reporter assays

EPC cells were inoculated into 24-well plates at 50% density and transfected with the luciferase reporter
gene plasmid when the density reached 70%. Cells were lysed at 24h post-transfected; supernatants
were collected and measured following the Dual Luciferase Reporter Assay Kit (Vazyme) manufacturer’s
protocol. Each experiment was repeated in triplicate.

Immunoblot analysis

MBrC, MKC, and MLC cells were seed into 12-wells plate for 18h, and the transfection method was consis-
tent with the above. The cell supernatant was collected with cell lysate at 48 hours post-transfected and the
protein concentration was determined by the BCA Protein Assay kit. 50pg protein was subjected to SDS-
PAGE followed by membrane transfer, antibody incubation, and ECL analysis.

RNA interference

The ACKR4a-targeted small interfering RNAs (ACKR4a-si), Ap-1-targeted small interfering RNAs (Ap-1-si),
and Beclin-1-targeted small interfering RNAs (Beclin-1-si) were designed by the online website Thermo
Fisher Scientific (http://www.thermofisher.com). The siRNAs and a nontargeting control siRNA (Ctrl-si)
were purchased from Gene Pharma. ACKR4a-si is as follows: 5'-GAAACGCCTTAGTCGTGGCTGTCTA-
3". Beclin-1-si is as follows: 5'- CCTCTCAAGCTGGACACATCCTTCA-3". Ap-1-si is as follows: 5'-CGGCC
AAGATGGAGACTCCTTTCTA-3".

Enzyme linked immunosorbent assay (ELISA)

Cells were stimulated with V. harveyi at 12h post-transfected, and then cells were collected and lysed. The
ELISA assay was performed with the Fish TNFa ELISA kit (number MM-065502, MAISHA Industries) accord-
ing to the manufacturer’s protocol.

18 iScience 26, 106105, March 17, 2023

iScience


http://www.thermofisher.com

iScience

Colony-forming units (CFU) assay

After the cells were infected with V. harveyi, the culture medium was sucked, washed with PBS 4 times, di-
gested with trypsin for 2-3 min, discarded the trypsin, blown down the cells with PBS, centrifuged at 1200 g
for 5 min, removed the supernatant after centrifugation, added the cell lysate and mixed evenly, stood for
30 min, diluted 1,000 times and coated on the 2261E Agar (Hopebio) plate, cultured the plate at 26°C for
12 h and counted.

Cell apoptosis

Cell apoptosis was analyzed by flow cytometry at 48h post-transfection. 100 pL/well trypsin was added for
20s; cells were then collected according to the manufacturer’s protocol and prepared with the Annexin
V-FITC Apoptosis Kit (Beyotime). In brief, cells were stained with Pl and Annexin-V-FITC, and the positively
stained cells were counted using FACScan.

Immunofluorescence and confocal microscopic analysis

Cell culture slides (polylysine treated) were prepared and transfected. Cells were washed with PBS 3 times
and then fixed with 4% paraformaldehyde at 24 hours post-transfected. After blocking with 0.5% FBS for
1 h, the primary antibody and the secondary antibody were added. Finally, after counterstaining with
DAPI staining solution for 10 min, the cell culture slides were fixed with an anti-fluorescent bursting agent
(Boster). Fluorescence signals were assessed by confocal microscopy (Leica).

Live cell imaging

Cells were transfected with GFP-MyD88, and grown on cell culture slides. Then cells were treated for 90min
with the 50nM Lyso-Tracker Red DND-99 (Invitrogen). The cells were washed with PBS, and the cells were
imaged with confocal microscopy (Leica).

Caspase activity assay

Cells were inoculated into 96-well plates and suffered different treatments. The caspase activity assay
was performed according to the Caspase-Glo 3/7 Assay (Promega) manufacturer’s protocol. In brief,
100pL/well of caspase 3/7 working solution was added and then incubates for 1h at 25°C, protected
from light. The plate was centrifuged at 800 g for 2 min, with fluorescence intensity monitoring at Ex/
Em = 490/525 nm with GloMax Navigator (Promega).

Coimmunoprecipitation (Co-IP) analysis

The cells were collected with RIPA (Beyotime) at 32 h post-transfection. 50 uL Agarose Protein A/G
(Sigma) was washed three times with Tml RIPA. After incubating Agarose Protein A/G with primary anti-
body for 2 h, the supernatant of cell lysates was added. These complexes were placed on a turntable
mixer at 10rpm and incubated overnight at 4°C. After that, the beads were washed with cold PBS three
times. All the steps need to be on the ice, and then beads were boiled at 95°C for 5 min, and proteins
were separated by SDS-PAGE.

Cell proliferation

Cell proliferation assays were performed with BeyoClickEdU cell Proliferation Kit with AlexaFluor 488
(Beyotime) following the manufacturer’s instructions. All the experiments were performed in triplicate.

Transcription factor prediction

The 5'-end sequence of ACKR4a was obtained and intercepted 2,000bp from the start codon, which was
then analyzed by the JASPAR database to screen for possible transcription factor binding sites.

Chromatin immunoprecipitation (ChlIP) assay

Cells were inoculated in 10cm? dishes and cells were treated differently after reaching 1x10°, after which
ChIP was performed. Briefly, cells were treated with 1% formaldehyde for 10 minat 37°C, followed
by Glycine Solution for 5 minat 25°C to terminate the cross-linking. The cells were washed twice in
PBS, lysed on ice, collected and ultrasonically fragmented. Centrifugation at 4°C, 12,000 rpm for
10min. The appropriate antibody was added to the supernatant and rotated for 12hat 4°C. The Agarose
Protein A/G beads were added to it, at 4°C for 2h. Centrifuge at 6,000rpm for 5min and discard the
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supernatant. Washed the beads in sequence with low salt wash buffer, low salt wash buffer, LiCl wash
buffer, and TE buffer. Finally, the beads were eluted with elution buffer and diluted to 500pl with diffu-
sion buffer. Added 5M NaCl at 65°C for 12h, 0.5M EDTA, 1M Tris-HCI, and 20mg/ml Proteinase K treated
for 2h at 45°C.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analysis was performed using Student's two-tailed t-test (two groups of data were compared)
and two-way ANOVA(more than two groups of data were compared). The date is represented as the
mean £ SD of n independent experiments. Value of p< 0.05,*, was considered significant, p< 0.01,**,
was considered highly significant.
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