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ABSTRACT Pseudorabies virus (PRV) is a double-stranded DNA virus that causes Aujeszky’s
disease and is responsible for economic loss worldwide. Transmembrane protein 41B
(TMEM41B) is a novel endoplasmic reticulum (ER)-localized regulator of autophagosome
biogenesis and lipid mobilization; however, the role of TMEM41B in regulating PRV repli-
cation remains undocumented. In this study, PRV infection was found to upregulate
TMEM41B mRNA and protein levels both in vitro and in vivo. For the first time, we found
that TMEM41B could be induced by interferon (IFN), suggesting that TMEM41B is an
IFN-stimulated gene (ISG). While TMEM41B knockdown suppressed PRV proliferation,
TMEM41B overexpression promoted PRV proliferation. We next studied the specific
stages of the virus life cycle and found that TMEM41B knockdown affected PRV entry.
Mechanistically, we demonstrated that the knockdown of TMEM41B blocked PRV-stimu-
lated expression of the key enzymes involved in lipid synthesis. Additionally, TMEM41B
knockdown played a role in the dynamics of lipid-regulated PRV entry-dependent
clathrin-coated pits (CCPs). Lipid replenishment restored the CCP dynamic and PRV
entry in TMEM41B knockdown cells. Together, our results indicate that TMEM41B plays a
role in PRV infection via regulating lipid homeostasis.

IMPORTANCE PRV belongs to the alphaherpesvirus subfamily and can establish and
maintain a lifelong latent infection in pigs. As such, an intermittent active cycle presents
great challenges to the prevention and control of PRV disease and is responsible for seri-
ous economic losses to the pig breeding industry. Studies have shown that lipids play a
crucial role in PRV proliferation. Thus, the manipulation of lipid metabolism may represent
a new perspective for the prevention and treatment of PRV. In this study, we report that
the ER transmembrane protein TMEM41B is a novel ISG involved in PRV infection by regu-
lating lipid synthesis. Therefore, our findings indicate that targeting TMEM41B may be a
promising approach for the development of PRV vaccines and therapeutics.
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(4-6). These findings indicate that PRV infection is not limited to the swine industry and rep-
resents a potential public health risk. During entry, the glycoproteins gC, gB, gD, gH, and gL
are responsible for PRV attachment to the host cell surface and the subsequent fusion of
the viral envelope with the plasma membrane (PM) (2). In some cell types, PRV enters via
clathrin-mediated endocytosis, followed by fusion of the viral envelope with the endosomal
membrane (7, 8).

TMEM41B has been previously identified as a novel autophagy factor that modulates
autophagosome formation (9-11). In addition, TMEM41B-deficient cells exhibit larger lipid
droplets (LDs), a phenomenon that may be caused by a lipid buildup due to a disruption
in the release of free fatty acids (FFAs) from LDs to other organelles (e.g., mitochondria)
(9, 10). TMEM41B has been characterized as an ER scramblase for lipoprotein biogenesis
and lipid homeostasis that can shuttle phospholipids between bilayer membrane leaflets
(12-14). More recently, TMEM41B has been characterized as a host factor for viral replication
in a variety of viruses, including pan-flavivirus (15), coronaviruses (16), and severe acute
respiratory syndrome coronavirus (SARS-CoV-2) (17).

Lipids are a source of energy molecules and are one of the key components that deter-
mine membrane fluidity and structure (18). Moreover, some viruses manipulate lipid metab-
olism to facilitate viral reproduction (18-20). In particular, the entry of a variety of viruses,
including SARS-CoV-2 (21), herpes simplex virus (22), murine leukemia virus (23), and PRV
(7, 20), has been associated with sphingolipid and cholesterol-enriched lipid raft microdo-
mains in the PM. Notably, TMEM41B plays a role in the formation of viral double-membrane
vesicles during B-coronavirus infection (24). Moreover, a TMEM41B knockdown can inhibit
the internalization and early stage replication of coronaviruses (16). Here, we examined
the effects of TMEM41B on PRV replication. Knockdown of TMEM41B resulted in decreased
lipid levels and inhibited PRV proliferation. Additionally, knockdown of TMEM41B dramati-
cally decreased PRV entry by interfering with lipid-dependent clathrin-coated pit (CCP)
dynamics. We further studied the effect of TMEM41B on PRV replication. We demonstrated
that knockdown of TMEM41B could inhibit a PRV-induced increase in lipid synthesis, thereby
inhibiting PRV proliferation. In addition, our study emphasized the importance of TMEM41B
for PRV infection both in vivo and in vitro, suggesting that TMEM41B may be a suitable tar-
get for the development of anti-PRV therapeutics.

RESULTS

PRV infection upregulates TMEM41B expression. To determine the role of TMEM41B
in PRV infection, we evaluated the expression of TMEM41B following PRV challenge in vivo.
Mice were mock infected or intranasally infected with the PRV isolate QXX (PRV-QXX) for
3 days. The kidney, brain, lung, and liver were assessed for the level of TMEM41B mRNA and
protein expression by quantitative real-time PCR (qRT-PCR) and immunoblotting analysis.
PRV infection resulted in increased TMEM41B mRNA expression compared to that of the
mock-infected kidney, brain, lung, and liver (Fig. 1A). The levels of TMEM41B protein
expression were similarly increased (Fig. 1B to D). We next verified whether PRV enhanced
TMEMA41B expression in vitro. PK-15 cells were infected with PRV-QXX and processed to
measure the mRNA and protein levels of TMEM41B. PRV infection caused an increase in
TMEM41B mRNA expression in PK-15 cells (Fig. 1E). Consistent with the mRNA levels,
TMEM41B protein levels in PK-15 cells were also upregulated in response to PRV infec-
tion (Fig. TF). TMEM41B is an ER transmembrane protein. Immunofluorescence analysis
indicated that PRV infection did not alter the subcellular localization of TMEM41B in
the ER (Fig. 1G and H). These results suggest that PRV promotes TMEM41B expression
both in vivo and in vitro.

TMEM41B is an interferon-stimulated gene. Since we found that PRV infection
upregulated TMEM41B expression, we next aimed to determine whether TMEM41B expres-
sion was dependent on the type | interferon (IFN) signaling pathway. We treated PK-15 cells
with IFN-3, HT-DNA, poly(l-C), and poly(dA:dT) and found that all of the treatments increased
the mRNA levels of TMEM41B and IFN-stimulated gene 15 (ISG15) (Fig. 2A to D). The results of
our previous study suggested that porcine cyclic GMP-AMP (cGAMP) synthase (cGAS) and its
downstream effectors, such as stimulator of interferon genes protein (STING), TANK-binding
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FIG 1 TMEM41B expression is unregulated by PRV infection. (A) Mice were mock infected or intranasally infected with
PRV-QXX (5 x 10° TCID4,/50 nL per mouse) for 3 days. The levels of TMEM41B mRNA expression in the kidney, brain,
lung, and liver were assessed by qRT-PCR analysis (n = 3 per group). *, P < 0.05; **, P < 0.01; ***, P < 0.001. (B to D) Mice
were treated as described in A. TMEM41B and PRV gB in the liver (B), lung (C), and kidney (D) were assessed by
immunoblotting analysis (n = 3 per group). (E) PK-15 cells were infected with PRV-QXX (MOI = 1) for 0 to 12 h; h,p.i., hours
postinfection. The level of TMEM41B mRNA expression was assessed by qRT-PCR analysis. *, P < 0.05; ***, P < 0.001. (F) PK-
15 cells were infected with PRV-QXX (MOI = 1) for 0 to 24 h. TMEM41B and PRV gB were assessed by immunoblotting
analysis. (G) PK-15 cells were transfected with the TMEM41B-GFP plasmid for 12 h and then mock infected or infected
with PRV-QXX (MOI = 1) for 24 h. The colocalization of TMEM41B-GFP with the ER (calnexin, red) was analyzed by
immunofluorescence analysis. Scale bar = 10 um. (H) Quantification of the colocalization of TMEM41B with calnexin from
panel G by ImageJ (n = 15).

kinase 1 (TBK1), and IFN regulatory factor 3 (IRF3), were responsible for PRV-induced type |
IFN activation (25). Infection of PK-15 cells with PRV-QXX or Bartha-K61 induced TMEM41B
expression in a time-dependent manner (Fig. 2E and F). However, the induction of TMEM41B
expression was abolished in cGAS~/~, STING/~, TBK1~/~, IRF3~/~, and IFNAR1~/~ PK-15
cells (Fig. 2E and F). These results indicate that PRV-induced TMEM41B expression relies on
the innate cGAS/STING/TBK1/IRF3 innate immune and IFN signaling pathways.

TMEM41B knockdown inhibits PRV infection. To determine whether TMEM41B
was involved in PRV infection, we depleted TMEM41B using short-hairpin RNA (shRNA)-
mediated RNA interference and infected cells with PRV green fluorescent protein (PRV-GFP)
and PRV-QXX. Both the qRT-PCR and immunoblotting analyses showed that the two
shRNAs against TMEM41B exhibited significant knockdown efficiency in PK-15 cells (Fig. 3A
and B). Interference of TMEM41B had no effect on nectin-1 expression and membrane distri-
bution, which participated in PRV entry (Fig. 3B to D). Moreover, a TMEM41B knockdown
did not affect cellular viability or morphology (Fig. 3E and F).

We subsequently infected scramble, sShTMEM41B-1, and shTMEM41B-2 PK-15 cells
with PRV-GFP and examined viral replication by fluorescence microscopy and a flow cytom-
etry assay. As shown in Fig. 3G and H, a significant decrease in the GFP signal was detected
in ShTMEM41B-1 and shTMEM41B-2 PK-15 cells compared to that in the control cells, indicat-
ing that knockdown of TMEM41B inhibited PRV-GFP replication. Scramble, shTMEM41B-1, and
shTMEM41B-2 PK-15 cells were infected with PRV-QXX, and viral replication was examined by
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for 24 h. The levels of ISG15 and TMEM41B mRNA expression were assessed by qRT-PCR analysis. *, P < 0.05; ***, P < 0.001. (B to D) PK-15
cells were treated with HT-DNA (0 to 4 wg/mL) (B), poly(I-C) (0 to 4 ng/mL) (C), and poly(dA:dT) (0 to 4 wg/mL) (D) for 24 h. The levels of

IFN-B, 1SG15, and TMEM41B mRNA expression were assessed by qRT-PCR analysis. *, P < 0.05; ***, P < 0.00
TBK1~/~, IRF37/~ and IFNAR1~/~ PK-15 cells were infected with PRV-QXX (E; MOI = 5) or Bartha-K61 (F; MOI
TMEM41B mRNA expression was assessed by qRT-PCR analysis. **, P < 0.01; ***, P < 0.001.

immunoblotting of PRV gB and qRT-PCR analysis of the level of PRV gB and thymidine kinase
(TK) mRNA expression. The level of PRV gB protein expression was lower in shTMEM41B-1 and
shTMEM41B-2 cells than in the scramble (Fig. 31). Moreover, a knockdown of TMEM41B
decreased the levels of PRV gB and TK mRNA expression (Fig. 3J). Additionally, we infected
cells with PRV-QXX and found that viral titer was also lower in the shTMEM41B-1 and
ShTMEM41B-2 cells compared to that in the scramble (Fig. 3K). Collectively, these data indicate
that knockdown of TMEM41B inhibits PRV infection.

TMEMA41B overexpression promotes PRV infection. To confirm the role of TMEM41B
in PRV infection, PK-15 cells were transfected with an empty vector or various concentrations
of a plasmid encoding TMEM41B-FLAG for 24 h, followed by an infection with PRV-GFP.
Fluorescent microscopy and flow cytometry assays showed that the GFP intensity was
higher in TMEM41B-overexpressing cells than in control cells, suggesting that TMEM41B
overexpression promoted PRV-GFP infection (Fig. 4A and B). We also examined the effect
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FIG 3 TMEM41B knockdown inhibits PRV infection. (A) The level of TMEM41B mRNA expression was assessed in scramble, shTMEM41B-1,
and shTMEM41B-2 PK-15 cells by qRT-PCR analysis. ***, P < 0.001. (B) TMEM41B and nectin-1 were assessed in scramble, sShTMEM41B-1, and
shTMEM41B-2 PK-15 cells by immunoblotting analysis. (C) Membrane distribution of nectin-1 in scramble, shTMEM41B-1, and shTMEM41B-2
PK-15 cells was analyzed by a nonpermeabilizing immunofluorescence analysis. Scale bar = 10 um. (D) Quantification of the relative intensity
of nectin-1 on the PM from panel C by ImageJ (n = 15). The intensity of nectin-1 on the PM from scramble PK-15 cells was normalized to 1.
(E) Cell viability of scramble, shTMEM41B-1, and shTMEM41B-2 PK-15 cells was assessed by a CCK-8 assay for 0 to 60 h. (F) Morphology of
scramble, ShTMEM41B-1, and shTMEM41B-2 PK-15 cells. Scale bar = 10 um. (G) Scramble, ShTMEM41B-1, and shTMEM41B-2 PK-15 cells were
infected with PRV-GFP (MOI = 1) for 20 h. Viral replication was analyzed by fluorescence microscopy of GFP expression. Scale bar = 100 pwm.
(H) GFP-positive cells from E were analyzed by flow cytometry. ***, P < 0.001. (I) Scramble, shTMEM41B-1, and shTMEM41B-2 PK-15 cells
were infected with PRV-QXX (MOI = 1) for 24 h. TMEM41B and PRV gB were assessed by immunoblotting analysis. (J) Scramble, sShTMEM41B-
1, and shTMEM41B-2 PK-15 cells were infected with PRV-QXX (MOI = 1) for 24 h. The level of PRV gB and TK mRNA expression was assessed
by gRT-PCR analysis. ***, P < 0.001. (K) Scramble, ShTMEM41B-1, and shTMEM41B-2 PK-15 cells were infected with PRV-QXX (MOI = 0.1 and 1)
for 24 h. Viral titers were assessed by a TCID,, assay. ***, P < 0.001.

of TMEM41B overexpression on PRV gB expression with an immunoblotting analysis. As
shown in Fig. 4C, PRV gB expression was increased due to TMEM41B-FLAG expression. PK-
15 cells expressing TMEMA41B-FLAG generated higher levels of PRV gB and TK mRNA than
control cells did (Fig. 4D). The viral titer assay indicated that TMEM41B overexpression
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FIG 4 Overexpression of TMEM41B enhances PRV infection. (A) PK-15 cells were transfected with the TMEM41B-FLAG
plasmid (0 to 2 ng) for 12 h and then infected with PRV-GFP (MOI = 1) for 20 h. Viral replication was analyzed by
fluorescence microscopy of GFP expression. Scale bar = 100 um. (B) GFP-positive cells from panel A were analyzed by
flow cytometry. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (C) PK-15 cells were transfected with the TMEM41B-FLAG plasmid (0
to 6 ug) for 12 h and infected with PRV-QXX (MOl = 1) for 24 h. PRV gB and TMEM41B-FLAG were assessed by
immunoblotting (IB) analysis. (D) PK-15 cells were transfected with the TMEM41B-FLAG plasmid (0 to 2 ug) for 12 h and then
infected with PRV-QXX (MOI = 1) for 24 h. The level of PRV gB and TK mRNA expression was assessed by qRT-PCR analysis.
*** P < 0.001. (E) PK-15 cells were transfected with plasmid TMEM41B-FLAG (0 to 2 ug) for 12 h and infected with PRV-QXX
(MOI = 1) for 24 h. Viral titers were assessed by a TCID,, assay. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

enhanced viral production (Fig. 4E). These results demonstrate that overexpression of
TMEM41B promotes PRV infection.

TMEM41B knockdown inhibits PRV entry. Next, we sought to determine which
stage of the viral life cycle was influenced by TMEM41B. We incubated scramble and
shTMEM41B-1 cells with PRV-QXX for 2 h at 4°C and washed them three times with ice-cold
PBS. Immunofluorescence analysis of PRV gB indicated that knockdown of TMEM41B did
not affect PRV attachment to the PM (Fig. 5A and B). The results of the immunoblotting
analysis showed that much the same PRV gB were detected on the PM of scramble and
TMEM41B knockdown cells (Fig. 5C). We also analyzed viral attachment by quantification
of the PRV genome copy number and found that the knockdown of TMEM41B did not
affect PRV attachment to cells (Fig. 5D). We next performed a viral entry assay by quanti-
fication of the PRV genome copy number. gRT-PCR analysis indicated that the TMEM41B
knockdown inhibited PRV entry (Fig. 5E). We also assessed PRV entry by performing an
immunoblotting analysis of PRV gB. The level of PRV gB was decreased in the TMEM41B
knockdown cells, which further indicated that a TMEM41B knockdown inhibited PRV entry
(Fig. 5F). These results suggest that a knockdown of TMEM41B can inhibit PRV entry.

TMEM41B knockdown reduces the cellular lipid content induced by PRV. Previous
reports indicate that TMEM41B-deficient cells display enlarged LDs (10). Oil Red O and
BODIPY staining indicated that there were increased numbers of LDs in TMEM41B knock-
down PK-15 cells compared to that in the scramble cells (Fig. 6A to D). PRV infection further
enhanced the number of LDs in the scramble cells, but not in TMEM41B knockdown cells
(Fig. 6A to D). We measured the lipid content in scramble and TMEMA41B knockdown cells
infected with PRV-QXX for 0 to 24 h. PRV infection enhanced the intracellular levels of total
cholesterol (TC), triglyceride (TG), and FFAs (Fig. 6E to G). However, a TMEM41B knockdown
prevented the generation of these lipids, suggesting that knockdown of TMEM41B might in-
hibit lipid synthesis (Fig. 6E to G). These results demonstrate that a knockdown of TMEM41B
can inhibit the number of PRV-enhanced LDs and lipid content.

Our previous study suggested that Niemann-Pick C1 (NPC1) deficiency attenuates PRV
entry by decreasing the abundance of cholesterol in the PM and inhibiting CCP dynamics (7).
Therefore, we next examined whether TMEM41B could act via a similar mechanism. To cor-
roborate the role of TMEM41B in CCP dynamics, fluorescence recovery after photobleaching
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FIG 5 TMEM41B is involved in PRV entry. (A) A viral attachment assay was used to assess scramble, shTMEM41B-1, and
shTMEM41B-2 PK-15 cells by nonpermeabilizing immunofluorescence analysis of PRV gB on the PM. Scale bar = 10 um. (B)
Quantification of the relative intensity of PRV gB on the PM from panel A by ImageJ (n = 15). The intensity of PRV gB on
the PM from scramble PK-15 cells was normalized to 1. (C) Viral attachment assay was assessed in scramble, sShTMEM41B-1,
and shTMEM41B-2 PK-15 cells by immunoblotting analysis of PRV gB on the PM. (D) Viral attachment assay was assessed
in scramble, ShTMEM41B-1, and shTMEM41B-2 PK-15 cells by a qRT-PCR analysis of PRV genome copy numbers on the PM.
PRV genome copy numbers on the PM from scramble PK-15 cells were normalized to 1. (E) A viral entry assay was used to
assess scramble, ShTMEM41B-1, and shTMEM41B-2 PK-15 cells in a gRT-PCR analysis of PRV genome copy numbers in the
cells. ***, P < 0.001. PRV genome copy numbers in scramble PK-15 cells were normalized to 1. (F) Viral entry assay was
assessed in scramble, ShTMEM41B-1, and shTMEM41B-2 PK-15 cells by immunoblotting analysis of PRV gB in the cells.

(FRAP) analysis was performed for CCP adaptor-related protein complex 2 subunit beta 1
(AP2B1) using live-cell confocal microscopy imaging. Following a 20-s bleaching laser pulse,
AP2B1-mCherry fluorescence rapidly recovered to about 50% of its initial value at
approximately 180 s in the scramble cells (Fig. 6H and ), whereas the TMEM41B knock-
down cells did not show a recovery in AP2B1-mCherry fluorescence (Fig. 6H and I).
Exogenous cholesterol and oleic acid were able to complement the inhibitory effect of
the TMEM41B deficiency on the recovery of AP2B1-mCherry fluorescence (Fig. 6H and ).
Moreover, we examined whether cholesterol and oleic acid replenishment could rescue PRV
entry in TMEM41B knockdown cells. gRT-PCR analysis indicated that the PRV genome copy
number in TMEM41B knockdown cells gradually increased with an increased concentration
of cholesterol and oleic acid (Fig. 6J). Exogenous supplementation of cholesterol and oleic
acid in TMEM41B knockdown cells restored the internalization of PRV gB, as indicated by im-
munoblotting analysis (Fig. 6K). We next assessed whether inhibition of LD formation affected
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FIG 6 TMEM41B participates in PRV-induced lipid metabolism. (A) Scramble and shTMEM41B-1 PK-15 cells were
infected with PRV-QXX (MOI = 1) for 24 h. LDs were detected by Oil Red O staining. Scale bar = 10 um. (B)
Quantification of the number of LDs per cell from panel A by ImageJ (n = 50). ***, P < 0.001. (C) Scramble and
shTMEM41B-1 PK-15 cells were infected with PRV-QXX (MOI = 1) for 0 to 24 h. LDs were detected by BODIPY
staining. Scale bar = 10 um. (D) Quantification of the fluorescence intensity of LDs from panel C by Image)
(n = 15). *, P < 0.05; ***, P < 0.001. (E to G) Scramble and shTMEM41B-1 PK-15 cells were infected with PRV-QXX
(MOI = 1) for 0 to 24 h. Cellular lipids were extracted, and the amount of TC (E), TG (F), and FFAs (G) was quantified
using biochemical kits. **, P < 0.01; ***, P < 0.001. (H) Scramble and shTMEM41B-1 PK-15 cells were transfected with
AP2B1-mCherry plasmid for 24 h and were treated with lipid (0.003 wg/mL cholesterol and 150 uM oleic acid) for
8 h. The CCP dynamic was assessed by FRAP analysis. Scale bar = 1 um. (I) Quantification of the relative fluorescent
intensity of AP2B1 puncta in the FRAP region over time from panel H by ImageJ (n = 15). ***, P < 0.001. (J) A viral
entry assay was used to assess the scramble and shTMEM41B-1 PK-15 cells treated with lipid (0 to 0.003 wg/mL
cholesterol and 0 to 150 uM oleic acid) as indicated by gRT-PCR analysis of the PRV genome copy numbers in the
cells. **, P < 0.01; ***, P < 0.001. (K) Cells were treated as in panel I. A viral entry assay was assessed by
immunoblotting analysis. (L) PK-15 cells were infected with PRV-QXX (MOI = 1) for 1 h and then treated with
CCT007093 (0 to 150 M) for 24 h. Viral titers were assessed by a TCID,, assay. *, P < 0.05; **, P < 0.01.
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FIG 7 TMEM41B is contributed to lipid synthesis. (A to E) Scramble and shTMEM41B-1 PK-15 cells were infected
with PRV-QXX (MOI = 1) for 0 to 24 h. The mRNA levels of SREBP1c (A), ACCA (B), FASN (C), SREBP2 (D), and HMGCR (E)
were assessed by gRT-PCR analysis. **, P < 0.01; ***, P < 0.001. (F) Scramble, shTMEM41B-1, and shTMEM41B-2 PK-15
cells were mock infected or infected with PRV-QXX (MOI = 1) for 24 h. HMGCR, P-HMGCR, ACCA, P-ACCA, FASN, TMEM41B,
and PRV gB were assessed by immunoblotting analysis.

PRV replication. CCT007093 is a chemical inhibitor of Ser/Thr phosphatase PPM1D, which regu-
lates LD formation via dephosphorylation of perilipin 1 (26). The 50% tissue culture infective
dose (TCIDs,) assay indicated that treatment of PK-15 cells with CCT007093 affected PRV repli-
cation (Fig. 6L). These data suggest that TMEM41B knockdown affects cellular lipid synthesis
to inhibit PRV entry.

TMEM41B knockdown inhibits the expression of the key lipid synthesis-related
factors. We sought to determine whether knockdown of TMEM41B could inhibit lipid
synthesis. We infected scramble and TMEM41B knockdown cells with PRV-QXX and subse-
quently examined the transcription of the key lipid synthesis-related factors, including sterol
regulatory element-binding protein 1c (SREBP1c), fatty acid synthase (FASN), acetyl-CoA car-
boxylase alpha (ACCA), sterol regulatory element-binding protein 2 (SREBP2), and 3-hydroxy-
3-methylglutaryl-CoA reductase (HMGCR). qRT-PCR analysis indicated that PRV failed to up-
regulate the levels of SREBP1c, ACCA, FASN, SREBP2, and HMGCR mRNA expression in the
TMEM41B knockdown cells compared to that in the control cells (Fig. 7A to E). An immuno-
blotting analysis indicated that PRV infection upregulated the expression of ACCA, HMGCR,
and FASN (Fig. 7F). However, a knockdown of TMEM41B eliminated PRV-enhanced expres-
sion of ACCA, HMGCR, and FASN (Fig. 7F). HMGCR and ACCA can be inactivated by phospho-
rylation (27). Moreover, enhanced phosphorylation of HMGCR and ACCA was observed in
TMEM41B knockdown PK-15 cells either mock infected or infected with PRV-QXX, suggesting
that HMGCR and ACCA were inactivated by the TMEM41B knockdown (Fig. 7F). These results
suggest that knockdown of TMEM41B inhibited PRV-stimulated lipid synthesis.

DISCUSSION

Viruses rely on host cells to complete their life cycle. Moreover, lipid metabolism has
been shown to be involved in various stages of the viral life cycle (18). We have previously
shown that porcine reproductive and respiratory syndrome virus (PRRSV) infection enhan-
ces lipid synthesis and promotes lipolysis through lipophagy to promote optimal viral rep-
lication (28, 29). However, how lipids are involved in the entire life cycle of PRV remains
unclear. In this study, we demonstrated that PRV infection could enhance lipid synthesis
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through upregulation of TMEM41B through the cGAS-STING innate immune and IFN signaling
pathways.

A key event in the innate immune response to viral infection is the recognition of
cytoplasmic DNA by DNA sensors, which can induce the production of type | IFN, cyto-
kines, and chemokines. The production of these factors is mediated through cascaded
amplification reactions, thereby exerting antiviral innate immune functionality (30). DNA-
dependent activators of IFN-regulatory factors are the first DNA sensors thought to be
required to respond to viral DNA (31, 32). DNA sensors were subsequently discovered to rec-
ognize cytoplasmic DNA, including DEAD box helicase 41 (33), RNA polymerase Il (34), IFN-
y-inducible protein 16 (35), and high mobility group box proteins (36). However, whether
these DNA sensors are involved in TMEM41B expression requires further investigation.

It has previously been reported that there is a close relationship between lipid metabo-
lism and antiviral innate immunity (37). Cholesterol-25-hydroxylase, an ISG, can inhibit viral
entry to mediate a wide range of antiviral effects through 25-hydroxycholesterol (38, 39).
Moreover, 7-dehydrocholesterol can exert various antiviral effects by regulating the produc-
tion of type | IFN through regulating the activation of AKT serine/threonine kinase 3 (37).
TMEM41B functions as a host factor in SARS-CoV-2 (17, 40, 41) and pan-flavivirus infection
(15). We found that TMEM41B was an ISG that could facilitate PRV infection, indicating a
novel mechanism through which ISG can participate in viral replication.

Our previous studies have demonstrated that NPC1- and liver X receptor (LXR)-mediated
lipid metabolism can influence PRV entry (7, 42). Moreover, EGCC can restrict PRRSV replica-
tion and assembly by disturbing lipid metabolism (28). In addition, N-myc downstream-regu-
lated gene 1 plays a negative role in PRRSV replication and viral assembly by suppressing
autophagy and LD degradation (29). For some viruses, cholesterol is critical to facilitate viral
entry into host cells, such as PRV (20, 38), foot-and-mouth disease virus (43), and human rhi-
novirus type 2 (44). Furthermore, cholesterol consumption can significantly inhibit the entry
and infection of viruses. Lipids provide a source of energy molecules and are one of the key
components that determine membrane fluidity and structure. Membrane fusion is wide-
spread in eukaryotic cell survival and the entry of enveloped viruses into host cells (45). In
addition, lipid composition can regulate membrane organization and dynamics, as well as
the membrane protein structure and conformation (46). Previous reports have demon-
strated that high membrane tension can inhibit endocytosis (47) and some viruses can
induce changes in the PM structure or use lipid synthetase to promote viral proliferation
during infection (18).

TMEM41B is involved in LD kinetics and plays an important role in lipid metabolism
(48). Important findings suggest that TMEM41B is an ER-disrupting enzyme required for
lipoprotein biogenesis and lipid homeostasis. Moreover, TMEM41B can mediate the syn-
thesis and shuttling of phospholipids in cytoplasmic lobules and promotes the balance
of the phospholipid bilayer (12). Multiple studies have demonstrated that lipid mobiliza-
tion is impaired in TMEM41B knockout cells (48-50). We hypothesize that the knock-
down of TMEM41B inhibits PRV infection by disrupting lipid homeostasis. PRV has been
observed to enter cells through clathrin-mediated endocytosis (7, 51), and NPC1 defects
have been found to inhibit CCP dynamics by reducing cholesterol transportation to the
PM (7). In the present study, impaired CCP dynamics and reduced internalized virions
were observed in TMEM41B knockdown cells. Our results further suggest that TMEM41
plays a key role in CCP dynamics and viral entry.

In summary, our results suggest that TMEM41B represents a host factor for PRV replication,
suggesting its important potential as a therapeutic target for drug and vaccine development
to inhibit PRV replication.

MATERIALS AND METHODS

Reagents. SYBR Premix Ex Taqg (RR420A) and TRIzol Reagent (D9108B) were purchased from TaKaRa
(Otsu, Shiga, Japan); BODIPY 493/503 (D3922) was purchased from Thermo Fisher Scientific (MA, USA); Oil Red
0 (00625) was purchased from Sigma-Aldrich (MO, USA); a lab assay nonessential fatty acid (294-63601) assay
kit for FFAs was purchased from Wako Bioproducts (VA, USA); and a TG assay kit (E1013) and TC assay kit (E1015)
were purchased from Applygen Technologies Inc. (Beijing, China). CCT007093 (HY-15880) was purchased from
MedChemExpress (NJ, USA).
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Antibodies. Anti-ACCA (no. 3676) and anti-phosphorylated ACCA (no. 11818) antibodies were pur-
chased from Cell Signaling Technology (MA, USA); anti-calnexin (10427-2-AP), anti-nectin-1 (24713-1-AP),
anti-TMEM41B (292701-1-AP), and anti-B-actin (20536-1-AP) were purchased from Proteintech (Wuhan,
China); anti-FASN (ab22759) was ordered from Abcam (MA, USA); anti-HMGCR (MABS1233) was ordered
from Sigma-Aldrich (MO, USA); anti-phosphorylated HMGCR (bs-4063R) was ordered from Bioss (MA, USA);
horseradish peroxidase (HRP)-conjugated donkey anti-mouse IgG (715-035-150) and anti-rabbit 1gG (711-
035-152) were purchased from Jackson ImmunoResearch Laboratories (PA, USA); and anti-mouse IgG la-
beled with Alexa Fluor 555 (A21424), Alexa Fluor 488 (A21429), and anti-rabbit IgG labeled with Alexa Fluor
488 (A11034) were purchased from Thermo Fisher Scientific. Antiserum against PRV gB was generated by
immunizing mice with purified recombinant gB. The antibodies were used at dilutions of 1:500 for immunoflu-
orescence staining and 1:1,000 for immunoblotting analysis.

Cells, viruses, and plasmids. Porcine kidney epithelial PK-15 cells (CCL-33; ATCC, MD, USA) and
HE293T cells (CRL-11268; ATCC) were grown in monolayers at 37°C under 5% CO, in DMEM (10566-016;
Gibco, NY, USA) supplemented with 10% FBS (10099141C; Gibco, MA, USA), 100 U/mL penicillin, and 100 pg/mL
streptomycin sulfate (B540732; Sangon, Shanghai, China). cGAS™/~, STING /=, TBK1~/~, IRF37/~, and IFNAR1~/~
PK-15 cells were used as previously described (52). Briefly, lentiviruses-mediated CRISPR-Cas9 technology was
used to generate gene knockout cell lines. PK15 cells were infected with the lentiviruses and subsequently
selected with puromycin (4 wg/mL) for 7 days. Single clonal knockout cells were obtained by serial dilution and
verified by Sanger sequencing and immunoblotting analysis.

The PRV strain Bartha-K61 was used as previously described (25). The virulent PRV isolate QXX (PRV-
QXX) was kindly donated by Yong-Tao Li from the College of Veterinary Medicine, Henan Agricultural
University (53). The recombinant PRV strain of PRV-GFP, derived from the PRV Hubei strain with the TK
gene replaced by a GFP expression cassette from the pEGFP-N1 plasmid, was kindly donated by Han-
Zhong Wang from Wuhan Institute of Virology, Chinese Academy of Sciences (54). Viral titers were deter-
mined using the TCID, assay, which was calculated via the Reed-Muench method.

Full-length porcine TMEM41B and AP2B1 cDNA was amplified by PCR. TMEM41B cDNA was cloned
into pEGFP-N1 and p3xFlag-CMV-14 expression plasmids to generate TMEM41B-GFP and TMEM41B-FLAG.
AP2B1 cDNA was cloned into an mCherry-N1 expression plasmid to generate AP2B1-mCherry. All plasmids
were transfected with Lipofectamine 3000 (L3000015; Invitrogen, NY, USA) according to the manufacturer’s
instructions. The primer sequences used for gene amplification were used as follows: TMEM41B-forward
(Fw): 5'-ATGACGAAAGGCGGAGTCGTCGAAA-3" and TMEM41B-reverse (Rv): 5'-CTCAAATTTCTGCTTCAGCTT
TTTTTG-3'; and AP2B1-Fw: 5'-ATGACTGACTCCAAGTACTTCACAA-3" and AP2B1-Rv: 5'-GTTTTTCAAAATGCTG
TCGTAGACG3'.

Mice. Female 6- to 8-week-old BALB/c mice were purchased from the Center of Experimental
Animals of Zhengzhou University (Zhengzhou, China) and maintained in a specific pathogen-free animal
facility according to the Guide for the Care and Use of Laboratory Animals and the related ethical regula-
tions instilled at Henan Agricultural University.

Cell viability assay. Cell viability was evaluated using a cell counting kit-8 (CCK-8) according to the
manufacturer’s instructions (GK3607; Dingguo, Beijing). Briefly, the cells were seeded into 96-well plates
at a density of 0.8 x 10* per well for 24 h. CCK-8 (10 uL) was then added to each well, and the cells were
incubated at 37°C for 3 h. The absorbance was detected at 450 nm with a microplate reader (Varioskan
Flash; Thermo Fisher Scientific).

Flow cytometry assay. A flow cytometry assay was performed as previously described (55). Briefly,
PK-15 cells were infected with PRV-GFP (multiplicity of infection [MOI] = 1) for 20 h. Cells were digested
with trypsin-EDTA (25200072; Gibco, MA, USA), collected by centrifugation, and suspended in PBS. The
percentage of GFP-positive cells was measured by flow cytometry using a Beckman CytoFLEX instru-
ment. All data were analyzed with CytExpert software 2.0.

qRT-PCR. Total RNA was extracted using TRIzol Reagent (9108; TaKaRa) and reverse transcribed with
a PrimeScript RT reagent kit (RR047A; TaKaRa). qRT-PCR was performed in triplicate using SYBR Premix
Ex Taq (RR820A; TaKaRa). Data were normalized to the expression of the control gene encoding B-actin.
The relative changes in expression were calculated using the 274" method.

Quantification of the genome copy number of PRV was performed as previously described (55). Briefly,
the PRV gH PCR product (187 bp) was cloned into the pGEM-T vector. A standard curve was prepared from
serial 10-fold dilutions of the plasmid for the quantification of PRV genomic DNA. The following primers
were used for qRT-PCR analysis: porcine ACTB-Fw: 5'-GCACAGAGCCTCGCCTT-3" and porcine ACTB-Rv: 5'-
CCTTGCACATGCCGGAG-3'; porcine TMEM41B-Fw: 5'-GTCGAAAGATCGCAAACGGG-3' and porcine TMEM41B-
Rv: 5’-CTCTCCTTTAGGCGGTCTCC-3'; porcine FASN-Fw: 5'-GCACACTTACGTACTGGCCT-3' and porcine FASN-Rv:
5'-TGATGATTAGGTCCACGGCG-3'; porcine ACACA-Fw: 5'-CCGCTTGCCTGTCTTTTGAT-3" and porcine ACACA-Rv:
5'-ACGTTATCCCCAAACCCAGG-3'; porcine HMGCR-Fw: 5'-ATTGTGTGCGGGACCGTAAT-3" and porcine HMGCR-
Rv: 5'-AATGCCCGTGTTCCAGTTCA-3’; porcine SREBP1c-Fw: 5'-GACGAGCCACCCTTCAGCAA-3’ and porcine
SREBP1c-Rv: 5'-GCATGTCTTCGAACGTGCAAT-3'; porcine SREBP2-Fw: 5'-TTGTCGGGTGTCATGGGCG-3' and por-
cine SREBP2-Rv: 5'-ATTGCAGCATCTCGTCGATGT-3'; PRV gB-Fw: 5'-CTCGCCATCGTCAGCAAPRV-3" and PRV gB-Rv:
5'-GCTGCTCCTCCATGTCCTT-3'; and PRV gH-Fw: 5'-CTCGCCATCGTCAGCAA-3" and PRV gH-Rv: 5'-GCTGCTCCTC
CATGTCCTT-3'.

Immunoblotting analysis. The cells were lysed in RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and 2 mM MgCl,) supplemented with a protease and phos-
phatase inhibitor cocktail (HY-K0010 and HY-K0022; MedChemExpress). Protein samples were separated by
SDS-PAGE and transferred to polypropylene fluoride membranes (C3117; Millipore, MA, USA). After a 30-min
incubation in 5% nonfat milk (A600669; Sangon Biotech), the membrane was incubated with the primary anti-
body overnight at 4°C followed by incubation with the appropriate HRP-conjugated secondary antibody for
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1 h at room temperature. The target proteins were detected with Luminata Crescendo immunoblotting HRP
substrate (WBLUR0500; Millipore) on a GE Al600 imaging system.

Immunofluorescence analysis. Cells grown on coverslips were fixed with 4% paraformaldehyde in
PBS for 30 min at room temperature. Cells were nonpermeabilized or permeabilized with 0.2% Triton X-100 for
20 min. Cells were then blocked with PBS/10% FBS for 1 h at room temperature. Cells were washed three times
with PBS and incubated with the PRV gB antiserum for 1 h at room temperature. Cells were then incubated
with the appropriate Alexa-Fluor-conjugated secondary antibodies for 1 h at room temperature. The images
were captured using a Zeiss LSM 800 confocal microscope (Oberkochen, Germany).

RNA interference. Lentivirus-mediated gene silencing was conducted as previously described (29).
Briefly, shRNAs (scramble: GCCACAACGTCTATATCATGG; shTMEM41B-1: GTCGTCGAAAGATCGCAAACG;
and shTMEM41B-2: GAAGCTGGGTCAGCAAGAATG) were synthesized as double-stranded oligonucleotides,
cloned into the pLKO.1 vector, and cotransfected with packaging plasmids pMD2.G and psPAX2 into HE293T
cells. Lentiviruses were harvested at 48 h posttransfection and used to infect cells that were then selected
with puromycin (4 wg/mL) for 7 days. Knockdown efficiency was determined by qRT-PCR or immunoblotting
analysis.

Viral attachment assays. Scramble, sShTMEM41B-1, and shTMEM41B-2 PK-15 cells were incubated
with PRV-QXX (MOI = 100) at 4°C for 2 h. After three extensive washes in ice-cold PBS, viral attachment
assays were performed by immunofluorescence and immunoblotting analyses of PRV gB or by gRT-PCR
analysis of the PRV genome copy numbers on the PM.

Viral entry assays. Scramble, ShTMEM41B-1, and shTMEM41B-2 PK-15 cells were incubated with
PRV-QXX (MOI = 100) at 4°C for 2 h. Cells were extensively washed three times with ice-cold PBS and then
shifted to 37°C for 15 min to allow entry. After being washed with trypsin (1 mg/mL) to remove any residual
virions on the PM, viral entry was detected by qRT-PCR analysis of viral genome copy numbers, or by intra-
cellular PRV gB immunoblotting.

Determination of intracellular FFAs, TG, and TC. The cell lysates were extracted with a syringe nee-
dle in 250 uL RIPA buffer and centrifuged at 12,000 x g for 5 min at 4°C. The total lipids in 200 L lysate were
extracted by the addition of 100 uL chloroform-methanol (2:1, vol/vol) mixture. The extract was evaporated
until dry and dissolved in 50 uL of TRB (100 mM KH,PO,, 100 mM K,HPO,, 5 mM sodium cholate, 50 mM NaCl,
and 0.1% Triton X-100, pH 7.4) for the FFA, TG, and TC assays. FFA (Wako), TG (Applygen), and TC (Applygen)
were measured with biochemical assay kits in accordance with the manufacturer’s protocols. The values were
normalized to the total cellular protein content.

Oil Red O staining. The cells were fixed in 4% paraformaldehyde for 30 min and incubated in Oil
Red O (3 wg/mL) for 15 min. The cells were washed with 70% alcohol for 5 s to remove any background
stain, rinsed in double-distilled Millipore water, counterstained with Harris hematoxylin, washed,
mounted, and observed under a light microscope. The LD number was determined using the ImageJ
“analyze particles” function (areas of particles <0.01 mm? were excluded).

BODIPY staining. Cells were fixed in 4% PFA for 30 min and incubated with 2 wg/mL BODIPY 493/
503 (493-nm excitation/503-nm emission) for 30 min. Digital images were obtained with a Zeiss LSM800
confocal microscope. The fluorescence intensity was determined using ImageJ software.

FRAP. Cells were transfected with the AP2B1-mCherry plasmid at 37°C for 24 h. The cells were then
bleached at maximum laser intensity for 30 s in a region of 7 x 7 wm? at 37°C and imaged every 60 s for 5 min.
CCP dynamics were defined by the fluorescence recovery of AP2B1-mCherry, which was performed using a
Zeiss LSM 800 confocal microscope.

Statistical analysis. Data are representative of at least three independent experiments for quantitative
analyses and expressed as the means = standard errors of the means. All statistical analyses were performed
with a two-tailed Student's t test. Significant differences relative to the corresponding controls were accepted
at P < 0.05.
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