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Crimean-Congo hemorrhagic fever (CCHF) is a hemorrhagic fever caused by infection with the CCHF
virus (CCHFV) and has a mortality rate of up to 30 %. Thrombocytopenia is a hallmark of CCHF;
however, the mechanisms underlying this manifestation remain poorly understood. In addition to
hemostasis, platelets play a crucial role in recognizing pathogens and mediating immune responses.
We investigated the mechanisms underlying thrombocytopenia associated with CCHFV infection by
analyzing the platelet transcriptome in mice. Interferon-induced transmembrane protein 3 (IFITM3), a
known antiviral factor, was significantly upregulated. The role of IFITM3 in response to CCHFV
infection was characterized using the human megakaryoblast cell line MEG-01, considered a parental
cell line of platelets. Although the CCHFV infection rate was limited, MEG-01 cells maintained the
infection and replication of CCHFV, leading to increased IFITM3 protein expression. We demonstrated
that IFITM3 overexpression efficiently inhibited CCHFV infection, whereas IFITM3 knockout promoted
viral infection. An interaction between IFITM3 and the CCHFV glycoprotein Gc was identified, which
suppressed CCHFV entry into cells. The IFITM3 CIL-TMD domain is critical for this interaction. These
results suggest that IFITM3 is a restriction factor and plays an antiviral role during CCHFV infection.
Elevated expression of IFITM3 in platelets indicates that this could be a common mechanism by which
platelets protect against viruses, including CCHFV, which may reduce platelet consumption and
destruction caused by CCHFV infection. These findings provide valuable insights into the pathogenesis
of CCHF-associated thrombocytopenia and offer foundational theoretical support for future therapeutic
strategies.

INTRODUCTION et al., 2018; Aslam et al., 2023). The disease manifests with a range of

severe symptoms, including fever, headache, fatigue, dizziness, gastro-

Crimean-Congo hemorrhagic fever virus (CCHFV), primarily trans-
mitted by ticks of the genus Hyalomma, was first identified in patients in
1956 (Akinci et al., 2013). In 1969, the causative pathogen of
Crimean-Congo hemorrhagic fever (CCHF) disease in humans was found
to cause disease in humans with fatality rates ranging from 10% to 50%,
which was higher in some outbreaks (Fereidouni et al., 2023; Haddock
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intestinal distress, and, more critically, hemorrhagic manifestations such
as petechiae, ecchymosis, and bleeding from mucous membranes (Bodur
et al., 2012; Akinci et al., 2016). A hallmark feature of CCHF is throm-
bocytopenia (Ergonul, 2012; Cross et al., 2020), which contributes to
hemorrhagic complications. The World Health Organization has recog-
nized CCHF as a priority infectious disease owing to its widespread
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endemic nature, potential to cause outbreaks in new geographical re-
gions, and the absence of specific antiviral treatments (Mcentire et al.,
2021). Consequently, there is an urgent need to better elucidate
virus-host interactions to advance our understanding of disease patho-
genesis, which would further support the development of antiviral stra-
tegies (Bente et al., 2013).

CCHFYV does not cause disease in immunocompetent adult rodents, and
the only available models are neonatal mice and rats (Chumakov et al.,
1968; Hoogstraal, 1979). In recent years, CCHFV infection and lethal/-
severe disease models have been successfully established using IINAR ™/~
or STAT-1~/~ mice, which have been used to evaluate viral replication,
immune responses, the efficacy of antivirals and monoclonal antibodies,
and organ pathology (Tignor and Hanham, 1993; Zivcec et al., 2013;
Lindquist et al., 2018; Aligholipour Farzani et al., 2019). Although CCHFV
infection does not lead to fatal outcomes in immunocompetent mice, it still
causes acute infection starting from the third day, as viral loads in various
organs and the release of inflammatory cytokines were detected and
continued to increase (Garrison et al., 2019; Tipih et al., 2023). These
animal models are essential for understanding disease pathophysiology
and developing potential therapeutic interventions. Because bleeding is a
major feature of CCHF, it is necessary to evaluate blood-related bio-
markers, including platelet counts and coagulation factors, in animal
models to understand the mechanisms underlying CCHF-induced bleeding.

Platelets, key players in the coagulation cascade, also play a signifi-
cant role in antiviral immune responses. Recent studies have shown that
platelet function can be altered during viral infections, suggesting their
contribution to host defense against pathogens (Dib et al., 2020). Dengue
virus infection can induce platelet aggregation and activation, which
promotes viral clearance and immune complex formation (Simon et al.,
2015; Quirino-Teixeira et al., 2022). Similarly, during influenza virus
infection, platelet-derived factors can enhance immune responses and
viral clearance (Bote et al., 2022). Moreover, megakaryocytes, the pro-
genitors of platelets, possess intrinsic immune recognition systems that
can respond to viral infections. Recent evidence suggests that megakar-
yocytes can modulate antiviral immune responses through the release of
pro-inflammatory cytokines and production of interferons, potentially
playing a pivotal role in controlling viral replication (Campbell et al.,
2019). These insights highlight the importance of platelets and mega-
karyocytes in the immune response to viral infections.

In this study, we characterized functional changes in platelets from
CCHFV-infected experimental mice. Based on the transcriptome data, we
found that interferon-induced transmembrane protein 3 (IFITM3) was
significantly upregulated, suggesting its role as a key factor in protecting
platelets against CCHFV infection. We evaluated IFITM3's role in sup-
pressing CCHFV infection using a human megakaryoblast cell line with
IFITM3 overexpression or knockout. The interaction between IFITM3 and
the CCHFV glycoprotein, as well as the domains critical for this inter-
action, was further investigated. These results demonstrate an important
role of platelets in the antiviral response against CCHFV infection and
suggest that IFITM3 functions as a key antiviral factor by limiting viral
entry through glycoprotein interactions. These findings highlight the
critical role of IFITM3 in CCHFV-host interactions and antiviral activity,
providing new mechanistic insights into its function.

RESULTS

Transcriptome of mouse platelets is altered during CCHFV
infection

To investigate changes in platelets in CCHFV infection, we infected
C57BL/6J mice with CCHFV. The infected C57BL/6J mice developed he-
molysis and aplastic anemia (Supplementary Fig. S1). Routine blood ex-
aminations during the acute phase of infection (day 3 post-inoculation)
revealed significant alterations, including decreased red blood cell count
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(RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume
(MCV), and low fluorescence reticulocyte (LFR%), and increased mean
corpuscular hemoglobin concentration (MCHC), red cell distribution
width-coefficient of variation (RDW-CV%), reticulocyte count (absolute)
(RET#), immature reticulocyte fraction (absolute) (IRF%), and high fluo-
rescence reticulocyte (HFR%), indicating hemolytic or regenerative ane-
mia (Supplementary Fig. S1A). Elevated neutrophil counts and decreased
lymphocyte levels suggested an acute-phase response to CCHFV infection
(Supplementary Fig. S1B). Viral infection caused a marked reduction in the
platelet count and an increase in platelet large cell ratio (P-LCR) and mean
platelet volume (MPV), indicating platelet destruction and enhanced
platelet production (Supplementary Fig. S1C). Accordingly, we observed a
significant increase in plasma thrombopoietin (TPO), a glycoprotein hor-
mone responsible for regulating platelet production and maintaining
normal platelet levels (Supplementary Fig. S1D). This increase is likely
associated with severe platelet depletion following CCHFV infection and
subsequent acceleration of platelet production in megakaryocytes. More-
over, likely due to the early time points of sampling (3 days post-infection),
we did not observe significant changes of platelet activation or coagulation
in the mice with CCHFV infection, as exhibited by the reduced plasma
CD62P and unchanged D-dimer levels in comparison to the control group
(Supplementary Fig. S1D).

Platelets were purified from these mice and used for RNA tran-
scriptome analysis. The results showed that the platelets from the
CCHFV-infected groups formed clusters distinct from those in the control
groups (Fig. 1A), suggesting a functional deviation of platelets caused by
CCHFV infection compared to healthy mice. KEGG pathway analysis
indicated that CCHFV infection induced functional alterations in plate-
lets, including actin cytoskeleton regulation, platelet activation, and
platelet adhesion (Fig. 1B). Additionally, platelets exhibit functional
changes related to responses in other diseases, such as COVID-19 and
prion disease. GO functional annotation of the differentially expressed
genes (DEGs) showed significant enrichment in pathways related to
protein phosphorylation, catabolism, ribonucleoprotein complex assem-
bly, and cytoplasmic transport. These findings suggested that platelets
stimulated during an antiviral response generate downstream signals that
accelerate protein metabolism (Fig. 1C). A total of 1251 DEGs were
identified at the nominal significance level (P < 0.05). Of these, 639
remained significant after stringent multiple-comparison adjustment
(false discovery rate, P < 0.05); 372 transcripts were upregulated and
267 were downregulated. Notably, we found that the transcription of
mlfitm3 was significantly upregulated, ranking among the top 20 genes
exhibiting significant differences in transcription levels compared to the
control (Fig. 1D and E). Consistent with increased transcription, elevated
IFITM3 expression was confirmed in the platelets of CCHFV-infected
mice (Fig. 1F). These results suggest that CCHFV infection led to the
loss of platelet numbers and alterations in platelet function, although
platelet activation was not significant.

Characterization of human megakaryocytes infected by CCHFV

Megakaryocytes, the progenitor cells that produce platelets, possess
biological features similar to those of platelets (Machlus and Italiano,
2013; Koupenova et al.,, 2022). We characterized the infection and
growth properties of CCHFV in the human megakaryoblast cell line
MEG-01 and compared to those in HEK293 cells that express lower levels
of hifitm3. Flow cytometry analysis revealed that 2.6%-2.78% of
MEG-01 cells were infected with CCHFV, less than that observed in
HEK293 cells (41.1%-57.3%) (Fig. 2A). The expression of CCHFV NP
was detected in MEG-01 cells at 48 h post-infection (p.i.), with a slight
increase thereafter. In contrast, a high level of CCHFV nucleoprotein (NP)
expression was observed in HEK293 cells at 24 h p.i., and was maintained
during the subsequent period examined (Fig. 2B). Additionally, we
examined IFITM3 protein expression in both cell lines after CCHFV
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infection. Although constitutive expression of IFITM3 was observed in
MEG-01 cells, CCHFV infection resulted in increased IFITM3 expression
at 24 h p.i., before CCHFV NP blotting. Unlike MEG-01, which exhibited
detectable IFITM3 expression at O h p.i., IFITM3 was undetectable in
HEK293 cells. Nevertheless, IFITM3 expression was detected at 24 h p.i.
and increased thereafter (Fig. 2B). Subsequently, the increase in hifitm3

A B

Virologica Sinica 40 (2025) 361-373

transcription in both MEG-01 and HEK293 cells after CCHFV infection
was confirmed using qRT-PCR. Compared with the control group, IFITM3
transcription increased 2.21 + 0.62-fold in CCHFV-infected MEG-01 cells
(P < 0.05), while HEK293 cells showed an even greater increase, peaking
at 48 h p.i. with a 208.0 + 47.92-fold elevation relative to controls (P <
0.001) (Fig. 2C). At 96 h p.i., the culture supernatants from MEG-01 cells
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Fig. 1. Identification of differentially expressed genes in platelets of CCHFV-infected mice. Three groups of C57BL/6J mice (6-8 weeks old, female, n = 10/group)
were inoculated with CCHFV (1.56 x 10° TCIDso/mouse) intraperitoneally, and two mock groups (n = 10/group) received brain homogenate in the same route and
served as control groups. On day 3 post-inoculation, mice were euthanized and blood was collected. Platelets were then purified and applied to transcriptome
sequencing. A Hierarchical clustering of global gene expression data revealed that samples from the CCHFV-infected group (cyan) were closely clustered, and were
distinct from those of the healthy group (pink). The data are presented by the Pearson correlation coefficient (Pearson's r) between different groups. B KEGG
annotation and expression analysis of the genome. The ten pathways with the smallest adjusted P-values (p.adjust) are shown. Pathways were sorted according to gene
ratio. C GO enrichment analysis highlighting representative functional categories enriched among differentially expressed genes (DEGs) in CCHFV-infected mice (P <
0.01). The ten entries with the smallest p.adjust from the three GO categories (CC: Cell Component; MF: Molecular Function; BP: Biological Process) are shown. D
Volcano plot showing the differential expression of genes (DEGs) in platelets of CCHFV-infected mice in comparison to healthy controls. Red dots represent upre-
gulated genes, blue dots indicate downregulated genes, and grey dots show genes with no significant differences. The top five genes exhibiting increased transcription
levels the most significantly more than the other genes are labelled. E The heatmap exhibited the top 20 DEGs with a significantly increased or decreased transcription
levels. The data has been normalized by row and is displayed as a z-score. F Validation of increased IFITM3 protein expression in platelets of infected mice via Western
blot analysis, with GAPDH as the internal control. Three other groups of mice (n = 10/group) were infected with CCHFV (Infection) in the same route as described
above. Platelets were purified on day 3 post-isolation. After confirming platelet purity >97%, IFITM3 expression was examined by Western blot. Platelets from three

groups of healthy mice inoculated with culture medium (Mock) were used as control, and GAPDH expression was blotted as inner control of platelets.

contained 7.96 x 107 & 2.81 x 107 copies/mL of viral RNA which was
lower than that from HEK293 cells (8.91 x 10® + 3.99 x 108 copies/mL)
at the same time point, suggesting fewer progeny viruses were produced
in MEG-01 cells compared to HEK293 cells. Similarly, the viral copies in
MEG-01 cells (1.20 x 10° + 1.32 x 10° copies/10° cells) at 96 h p.i. were
also lower than those in HEK293 cells (2.64 x 10° + 4.01 x 10°
copies/10° cells) (Fig. 2D). Accordingly, CCHFV was detected in only a
limited proportion of MEG-01 cells, showing a lower infection rate
compared to HEK293 cells (Fig. 2E). These results suggest that, despite
being less sensitive to CCHFV than HEK293 cells, MEG-01 cells could still
be infected and maintain CCHFV replication to produce progeny viruses.
Furthermore, CCHFV infection upregulated IFITM3 expression in both
cell lines.

Overexpression of IFITM3 restricts infection of CCHFV

Previous studies have demonstrated that IFITM3 serves as an antiviral
immune protein that suppresses various viral infections (Campbell et al.,
2019; Klein et al., 2023; Du et al., 2024). Since IFITM3 was undetectable
in HEK293 cells (Supplementary Fig. S2A and B), we generated an
IFITM3-overexpressing cell line (HEK293-hifitm3-OE). Accordingly,
MEG-01 cells overexpressing IFITM3 were generated (MEG-01-hi-
fitm3-OE) (Supplementary Fig. S3A and B). We found that CCHFV
infection was suppressed in MEG-01-hifitm3-OE cells, as shown by
reduced CCHFV NP expression and decreased viral RNA copies in
MEG-01-hifitm3-OE cells (Fig. 3A and B) as well as fewer cells blotted
with the antibody against CCHFV NP (Fig. 3C). Similarly, IFITM3's
inhibitory effect was confirmed in HEK293-hifitm3-OE cells (Fig. 3D-F).
High levels of IFITM3 expression significantly reduced both CCHFV NP
expression (Fig. 3D) and viral RNA copies in the supernatants (Fig. 3E,
left). CCHFV copies also decreased at 24 h and slightly increased at 48 h.
Although there was no significant difference, it suggested that IFITM3
overexpression may postpone the intracellular replication of CCHFV in
HEK293 cells (Fig. 3E, right). As expected, CCHFV infection was immu-
nostained in very few HEK293-hifitm3-OE cells (Fig. 3F). These results
demonstrate that IFITM3 exerts a strong inhibitory effect on CCHFV
infection in both MEG-01 and HEK293 cells.

Knockout of IFITM3 promotes infection of CCHFV

Subsequently, together with MEG-01, the HeLa cell line was selected
to generate IFITM3-knockout cells, as HeLa exhibited a higher expression
of IFITM3 than MEG-01 cells (Supplementary Fig. S2A and B), resulting
in MEG-01-hifitm3-KO and HeLa-hifitm3-KO cells, respectively
(Supplementary Fig. S3C and D), In either MEG-01-hifitm3-KO cells or
HeLa-hifitm3-KO cells, the knockout of hifitm3 led to enhanced infection
with CCHFV. We detected increased CCHFV NP expression (Fig. 4A and
D), elevated CCHFV RNA copies in cells and supernatants (Fig. 4B and E),
and enhanced immunostaining of cells with the CCHFV NP antibody

(Fig. 4C and F). These results demonstrate that in the absence of IFITM3,
CCHFV infection is enhanced, further supporting that IFITM3 presents an
inhibitory effect on CCHFV infection.

IFITM3 suppresses CCHFV entry into cells via interacting with
CCHFV Gc

We hypothesized that human IFITM3 might interact with CCHFV
proteins. Since MEG-01 cells exist in a semi-adherent/semi-suspended
state in the culture supernatant, resulting in cell loss during trans-
fection experiment, both MEG-01 and HEK293 cell lines exhibit limited
IFITM3 baseline expression, and overexpression of IFITM3 showed an
inhibitory effect on CCHFV infection. Therefore, we performed pull-
down assays using lysates from HEK293 cells transfected with an
IFITM3-expressing plasmid and infected with CCHFV. CCHFV Gc spe-
cifically precipitated with IFITM3, suggesting an interaction between
IFITM3 and CCHFV Gc other than with Gn and NP (Fig. 5A). Addition-
ally, the co-localization of IFITM3 and Gc was observed in the cytoplasm
of HEK293 cells infected with CCHFV (Fig. 5B). We subsequently
analyzed the effects of IFITM3 on CCHFV entry into host cells. Over-
expression of IFITM3 in MEG-01 cells significantly reduced the amount of
virus bound to the cell surface and internalized into the cells (Fig. 5C).

CIL-TMD domain is critical for the interaction between IFITM3
and Gc

Subsequently, the interaction between IFITM3 and CCHFV Gc was
confirmed by pull-down analysis using lysates from HEK293T cells co-
transfected with plasmids expressing both proteins (Fig. 6A). The trun-
cated IFITM3 constructs were generated according to a previous study
(Xu et al., 2022), including NTD, IMD-CIL, and CIL-TMD, which were
fused with EGFP (Fig. 6B). Moreover, the co-localization of IFITM3 and
CCHFV Gc was observed in co-transfected cells (Fig. 6C). Pull-down an-
alyses were performed using cells co-transfected with plasmids express-
ing IFITM3 truncates and CCHFV Gc. The results showed that both
IMD-CIL and CIL-TMD could precipitate CCHFV Gc, with higher effi-
ciency for CIL-TMD than for IMD-CIL (Fig. 6D). Moreover, similar to
full-length IFITM3, CIL-TMD co-localized with CCHFV Gc in the cyto-
plasm (Fig. 6E). Computational modeling using AlphaFold 3 and PDBe-
PISA v1.52 predicted an interaction complex where IFITM3 binds CCHFV
Gc primarily through hydrogen bonds involving key residues in the CIL
(Asp92), TMD (Cys105), and CTD (Tyr132) domains (Fig. 6F; Supple-
mentary Table S1).

DISCUSSION
CCHF, caused by CCHFV infection, is a tick-borne viral hemorrhagic

fever with high human fatality rates (Mo et al., 2023). However, few
studies have focused on the mechanisms underlying coagulation
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Fig. 2. Characterization of the properties of CCHFV infection in MEG-01 and HEK293 Cells. MEG-01 and HEK293 cells seeded in 24-well plates were incubated with
CCHFV (MOI = 5) for 2 h. After infection, cells were washed three times with PBS and cultured at 37 °C in a 5% CO, incubator. Cells were collected at indicated time
points for subsequent analyses. A The CCHFV infection efficiencies in MEG-01 and HEK293 cells collected at 48 h p.i. were analyzed by flow cytometry using CCHFV
NP antibody. B CCHFV NP and IFITM3 expression were examined by Western blotting in MEG-01 and HEK293 cells collected at indicated time points post CCHFV
infection, with B-actin as the inner control. C The transcription levels of ifitm3 in MEG-01 and HEK293 cells were examined by qRT-PCR at indicated time points post
CCHFV infection, and were normalized to GAPDH. D Quantitative analysis of the viral copies by qRT-PCR in the culture supernatant (left) and in the MEG-01 and
HEK293 cells (right), respectively. E Visualization of CCHFV infection in MEG-01 and HEK293 cells by IFAs. IFITM3 and CCHFV NP expression was blotted in cells
infected with CCHFV at 48 h p.i. or with mock infection. Cells were immunostained using antibodies against CCHFV NP (red) and IFITM3 (green), respectively. Nuclei
were stained with Hoechst33258 (blue). Scale bar, 50 pm. Differences between the two groups were analyzed using One-way ANOVA to calculate the P-value to
evaluate the differences in expression levels at different time points in the same group. P < 0.05 was considered statistically significant.
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Fig. 3. Overexpression of IFITM3 inhibits CCHFV infection in MEG-01 (A-C) and HEK293 (D-F) Cells. Cells were infected with CCHFV (MOI=5) and collected at
indicated time points for subsequent analyses. A Western blot analyses of CCHFV NP and IFITM3 expression in MEG-01 (WT) and MEG-01-hifitm3-OE (IFITM3-OE)
cells at indicated time points, with f-actin as the internal control. B Quantitative RT-PCR to determine the RNA loads of CCHFV S segment in both supernatants (left)
and cells (right) at indicated time points. C Confocal microscopy images showing CCHFV NP and IFITM3 expression and subcellular localization. Cells are immu-
nostained using antibodies against CCHFV NP (green) and IFITM3 (red), respectively. D Western blot analyses of CCHFV NP and IFITM3 expression in HEK293 (WT)
and HEK293-hifitm3-OE (IFITM3-OE) cells at indicated time points, with $-actin as the internal control. E Quantitative RT-PCR to determine the RNA loads of CCHFV S
segment in both supernatants (left) and cells (right) at indicated time points. F Confocal microscopy images showing CCHFV NP and IFITM3 expression and subcellular
localization. Cells were immunostained using antibodies against CCHFV NP (green) and IFITM3 (red), respectively. Nuclei were stained with Hoechst33258 (blue).
Images were taken using a Leica confocal microscope. Scale bar, 20 pm. The data between groups were analyzed using two-way ANOVA. Data are expressed as the
mean + SD. P < 0.05 indicates a statistically significant difference, *P < 0.05, **P < 0.01, ****P < 0.0001.

disorders caused by CCHFV infection. In the present study, we found
that CCHFV-infected C57BL/6J mice did not exhibit any obvious clin-
ical symptoms. However, they may develop hemolysis and aplastic
anemia despite not showing significant platelet activation or coagul-
opathy. Platelets function in hemostasis and mediate immune re-
sponses. We subsequently characterized functional changes in platelets
purified from infected mice using RNA transcriptome analysis. Func-
tional alterations in platelets were mainly involved in platelet activa-
tion, adhesion, and regulation of the actin cytoskeleton. Significant
changes were observed in the pathways associated with protein phos-
phorylation, catabolism, ribonucleoprotein complex assembly, and
cytoplasmic transport. This demonstrates the important role of platelets
in responding to CCHFV infection, probably more so than in hemostasis.
Similarly, functional alterations were observed in platelets from mice
with infection SFTSV (Fang et al., 2024). Despite the different func-
tional changes based on transcriptomic analyses, coagulation, platelet

366

activation, and immune modulation found in platelets of
SFTSV-infected mice were also identified in platelets of CCHFV-infected
mice in the current study. This may suggest a common response by
platelets to tick-borne virus infections, while virus-specific responses
are also worth considering.

IFITM3, an interferon-induced membrane protein, is considered an
antiviral factor that inhibits viral entry and replication (Bailey et al.,
2013, 2014) such as HCV (Yao et al., 2011; Narayana et al., 2015), HIV
(Luetal., 2011; Tartour et al., 2014; Compton et al., 2016), and influenza
(Bailey et al., 2013; Ren et al., 2020). Our study revealed the significant
increase of IFITM3 expression in platelets of CCHFV-infected mice, which
was also supported by the previous study reporting the significant
upregulation of IFITM3 in PBMCs of patients with CCHF, dengue, and
influenza (Campbell et al., 2019; Neogi et al., 2022; Denz et al., 2024).
This suggests that increased IFITM3 in platelets may play an important
role in the antiviral responses commonly observed in viral diseases. Due
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Fig. 4. Knockout IFITM3 promotes CCHFV infection in MEG-01 (A-C) and HeLa (D-F) cells. Cells were infected with CCHFV (MOI = 5), and collected at indicated
time points for subsequent analyses. A Western blot analyses of CCHFV NP and IFITM3 expression in MEG-01 (WT) and MEG-01-hifitm3-KO (IFITM3-KO) cells at
indicated time points, with p-actin as the internal control. B Quantitative RT-PCR to determine the RNA loads of CCHFV S segment in both supernatants (left) and cells
(right) at indicated time points. C Confocal microscopy images showing CCHFV NP and IFITM3 expression and subcellular localization. Cells are immunostained using
antibodies against CCHFV NP (green) and IFITM3 (red), respectively. D Western blot analyses of CCHFV NP and IFITM3 expression in HeLa (WT) and HeLa-hifitm3-KO
(IFITM3-KO) cells at indicated time points, with p-actin as the internal control. E Quantitative RT-PCR to determine the RNA loads of CCHFV S segment in both
supernatants (left) and cells (right) at indicated time points. F Confocal microscopy images showing CCHFV NP and IFITM3 expression and subcellular localization.
Cells were immunostained using antibodies against CCHFV NP (green) and IFITM3 (red), respectively, and nuclei were stained with Hoechst33258 (blue). Images were
taken using a Leica confocal microscope. Scale bar, 20 ym. The data between groups were analyzed using two-way ANOVA. Data are expressed as the mean + SD. P <
0.05 indicates a statistically significant difference, *P < 0.05, **P < 0.01, ****P < 0.0001.

to the limited ability to manipulate IFITM3 expression in platelets, we
subsequently generated IFITM3 overexpressing and knockout cell lines
using the human megakaryoblast cell line MEG-01. We characterized the
effects of CCHFV infection on megakaryocytes and evaluated the role of
IFITM3 in CCHFV infection using these generated cell lines, comparing
them with other cell lines containing high (HeLa) or undetectable
(HEK293) levels of IFITM3. Despite the less efficient infection of CCHFV
in MEG-01 cells than that in HEK293 cells, MEG-01 cells maintained
CCHFV proliferation to generate progeny viruses. CCHFV infection
increased IFITM3 expression in both MEG-01 and HEK293 cells. This
result contradicts the inhibitory effect of IFITM3 on CCHFV infection
observed in MEG-01-hifitm3-OE and HEK293-hifitm3-OE cells infected
with CCHFV. IFITM3 exerts its inhibitory effect by affecting the
virus-host cell membrane fusion process and restricts the infection of
various enveloped viruses during the early stages of viral entry (Zani and
Yount, 2018). The generated cell lines, MEG-01-hifitm3-OE and
HEK293-hifitm3-OE, already exhibited the overexpressed IFITM3, which
inhibits CCHFV infection by suppressing its entry process. However, in

HEK293 cells, IFITM3 expression was induced by CCHFV infection, and
its expression was detected immediately after CCHFV NP was detected.
Increased IFITM3 had a very limited effect on the inhibition of CCHFV
infection. Because MEG-01 cells naturally express a certain level of
IFITM3, CCHFV infection may be inhibited. As a result, the efficiency of
CCHFV infection in MEG-01 cells is relatively low. Moreover, the
inhibitory effect of IFITM3 on CCHFV infection was further confirmed in
IFITM3-knockout MEG-01 and HelLa cells, as infection was significantly
enhanced. CCHFV exhibited varied infection efficiencies, which can be
attributed to the differing sensitivities of various cell lines of distinct
tissue origins (Dai et al., 2021). So, the levels of IFN response stimulated
by CCHFV infection may also vary, thus affecting the expression levels of
IFITM3 (Scholte et al., 2017). Therefore, the inhibitory effect of IFITM3
on CCHFV infection may also depend on the infection efficiency of
CCHFV in different cell lines.

Subsequently, the interaction between IFITM3 and CCHFV Gc was
identified, which resulted in reduced efficiency of viral binding and
internalization of CCHFV into MEG-01 cells. We postulated that the
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Fig. 5. IFITM3 interacts with CCHFV Gc protein. HEK293T cells were transfected with pEGFP-N1-hifitm3 (IFITM3) or pEGFP-N1 (Vector) for 24 h and then infected
with CCHFV (MOI = 5) for 48 h. After lysis, the cells were pulled down with the beads against the enhanced green fluorescent protein (anti-EGFP). A Western blot
analyses of CCHFV Gc, NP, and Gn, EGFP, and f-actin in the cell lysates and outputs after pulling down using anti-EGFP. B Confocal microscopy images showing the
viral protein (Gc) and IFITM3 (EGFP) are co-localized. Images were taken using a Leica confocal microscope. Scale bar, 20 pm. C Quantification of CCHFV (MOI = 10)
binding (left) and internalization (right) to MEG-01 (WT) and MEG-01-hifitm3-OE (IFITM3-OE) cells. For binding assays, cells were incubated with CCHFV on ice for 1
h and were washed three times with ice-cold PBS to remove unbound viruses. Cells were then harvested to determine CCHFV S RNA by qRT-PCR. For internalization
assays, cells were incubated with CCHFV at 4 °C for 1 h, then moved to 37 °C and incubated for 1h to allow viral internalization. Cells were washed with PBS
containing 500 ng/mL proteinase K to remove the uninternalized virus. Internalized viruses were quantified by qRT-PCR. GAPDH was blotted as an internal control.
The CCHFV RNA loads were normalized to MEG-01 cells using 2~ method. The significant difference was determined using the student's t-test. P < 0.05 indicates a

statistically significant difference, **P < 0.01, ***P < 0.001.

interaction between IFITM3 and CCHFV Gc suppresses the fusion pro-
cess. However, because of the limited infection rates in MEG-01 cells, we
were unable to characterize the effect of IFITM3 on syncytia formation.
Nevertheless, our results demonstrate that IFITM3 plays a role in sup-
pressing CCHFV entry, which is consistent with a previous study
reporting that IFITM3 inhibits viral entry by interacting with SFTSV Gc
(Denz et al., 2024; Du et al., 2024). CCHFV is a genetically diverse virus
that is currently divided into seven major genotypes (I-VII), each with
significant association with their geographical distributions (Deyde et al.,
2006; Bente et al., 2013). It is possible that different strains or genotypes
of CCHFV could affect the interaction with IFITM3, as there may be
amino acid substitutions at key positions. Further studies are needed to
characterize roles of key sites in the interaction between IFITM3 and
CCHFV Gc. Furthermore, we found that IFITM3 interacts with CCHFV Gc
and that the CIL-TMD region of IFITM3 is critical for this interaction.
CCHFV enters cells via clathrin-mediated endocytosis. It can interact
with inner membrane proteins in early endosomes, through which
CCHFV RNA is released into host cells (Shtanko et al., 2014). IFITM3 is
located on the endosomal membrane. Although the spatial topological
structure of IFITM3 remains unclear, the CIL domain has been suggested
to be located on the inner side of the endosome (Marziali et al., 2021).
We speculated that elevated IFITM3 expression increases the possibility
that CIL interacts with Gc during CCHFV entry. As a result, CCHFV
internalization is suppressed, which reduces the infection rate of this
virus.

IFITM3 is a downstream gene induced by interferon signaling. The
expression level of IFITM3 depends on the activation levels of IFN
signaling (Schoggins et al., 2011). Following viral infection, the inter-
feron signaling pathway upregulates IFITM3 expression, further inhib-
iting viral replication, and potentially constituting a broad-spectrum
antiviral mechanism in various cell types including platelets and mega-
karyocytes. IFITM3 has a dynamic bidirectional regulatory ability on the
IFN signaling pathway. While it enhances the early antiviral response by

promoting pattern recognition receptor (PRR) signaling and stabilizing
signal transducer and activator of transcription 1 (STAT1) (Jia et al,,
2012; Zhang, P. et al., 2024), it can conversely prevent immunopatho-
logical damage caused by excessive production of IFN-I by blocking
MAVS aggregation and upregulating SOCS (Chen et al., 2017; Lin et al.,
2020), making IFITM3 a key molecule for balancing antiviral efficacy and
immune homeostasis. Thus, IFITM3 has been considered a target for the
treatment of infection and autoimmune diseases (Li et al., 2025). In viral
hemorrhagic fever viral diseases, such as CCHF, patients would develop
severe thrombocytopenia, manifested by a significant decrease in platelet
count (Akinci et al., 2013; Bente et al., 2013). Although the antiviral
function of IFITM3 is not entirely dependent on the interferon pathway, it
can enhance the overall antiviral state by maintaining ISG expression. Its
direct regulatory effect on the interferon pathway is limited and cell type
specific. The expression level of IFITM3 may significantly affect the
balance of the IFN signaling pathway, thereby changing the homeostasis
between antiviral immune efficacy and immunopathological damage
(Brass et al., 2009; Dai et al., 2021), which may be attributed to the
extensive damage or consumption of platelets caused by viral infection.
The elevated expression of IFITM3 in platelets demonstrates potent
inhibitory effects against CCHFV infection. However, the mechanistic
basis of this antiviral activity, particularly whether IFITM3 modulates
platelet-mediated immune regulation through type I interferon pathway
potentiation to enhance antiviral functions, requires further elucidation.

This study has several limitations. While we performed platelet
transcriptome analyses using infected mouse models, these may not
completely reflect platelet responses in human patients. Nevertheless, the
upregulation of IFITM3 observed in our transcriptome data has been
reported in platelet transcriptomes across various diseases, suggesting its
role in a common antiviral mechanism. No cases of CCHFV infection have
been reported in China since 2005. Without clinical samples, we could
not investigate the platelet responses induced by CCHFV infection,
including coagulation disorders and immune-mediated responses. It
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Fig. 6. CIL-TMD binds to the CCHFV Gc. HEK293T cells were co-transfected with phMCV-Gce-S-tag together with the pEGFP-N1 plasmid expressing IFITM3 or the
truncated IFITM3 fragments or the pEGFP-N1 plasmid as control (Vector). At 24 h post transfection, cells were collected and lysed using an IP buffer. A and D The
interaction of IFITM3 and its truncated fragments with CCHFV Gc were analyzed via S-pulldown assays followed by Western blotting, with p-actin as the internal
control. B Schematic diagram of the constructs of truncated IFITM3 used in this study, each fused with EGFP at its N terminus. C and E Visualization of IFITM3 or its
truncations (green) and CCHFV Gc (red) in cells using confocal microscopy. The transfected cells were fixed and permeabilized, and then incubated with S-tag
antibody by IFAs. Nuclei were stained with Hoechst 33,258. Scale bar, 10 pm. F Schematic diagram of the 3D structures of IFITM3 and CCHFV Gc, which were
predicted using Alpha fold 3. The IFITM3 domains and the regions and amino acids which could be involved in the interaction are indicated.

would be valuable to compare these data with data from CCHFV-infected
animal models and actual clinical cases to elucidate commonalities and
differences if relevant public datasets become available. Despite these
limitations, our findings shed light on the pathogenic mechanisms of
CCHF and facilitate the development of antiviral strategies.

CONCLUSIONS

This study reveals platelet functional alterations during CCHFV
infection through transcriptomic analysis. We identified IFITM3 as one of
the most significantly upregulated genes in platelets of mice with CCHFV
infection and demonstrated its antiviral role in suppressing CCHFV
infection using MEG-01 cells. Furthermore, the interaction of IFITM3

with the CCHFV Gc protein was identified, and the CIL-TMD domain
played a key role in this interaction. The findings suggest that platelets
play an important role in the antiviral response to suppress CCHFV
infection via elevation of IFITM3, which may facilitate future research on
the pathogenesis of CCHFV-induced thrombocytopenia.

MATERIALS AND METHODS
Virus, cells, and antibodies
The CCHFV strain YL16070 (GenBank accession: KY354082) (Guo

etal.,2017; Dai etal., 2021) used in this study was deposited at the National
Virus Resource Center (IVCAS 6.6329). Titers were determined using the
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endpoint dilution method as described previously (Dai et al., 2021). All
experiments involving CCHFV were performed in a biosafety level 3 labo-
ratory at the Wuhan Institute of Virology, Chinese Academy of Sciences.

Human megakaryoblast MEG-01 cells (CRL-2021, ATCC) were main-
tained in RPMI 1640 medium. Human embryonic kidney HEK293 (CRL-
1573, ATCC), human cervical adenocarcinoma HeLa (CCL-2, ATCC) cells,
and African green monkey kidney clone E6 (Vero E6) cells were maintained
in Eagle's Minimum Essential Medium (EMEM, New Zongke Biotech,
Wuhan, China) and human embryonic kidney HEK293T (CRL-3216, ATCC)
were maintained in Dulbecco's Modified Eagle's Medium (DMEM, New
Zongke Biotech, Wuhan, China) at 37 °C with 5% CO,. All culture media
were supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin-glutamine (Thermo Fisher Scientific, Waltham, MA, USA).

PE/Cy7® Anti-mouse CD41 Antibody [MWReg30] (ab95726), Goat
Anti-Rabbit IgG H&L (Alexa Fluor® 488, ab150077), and Goat Anti-
Rabbit IgG H&L (Alexa Fluor® 555, ab150078) were purchased from
Abcam (Cambridge, UK). Polyclonal antibodies against the nucleoprotein
(anti-NP) and N- and C-terminal fragments of the glycoproteins (Gn and
Gce) of the CCHFV were prepared as previously described (Dai et al.,
2021). Horseradish peroxidase (HRP)-conjugated Affinipure goat
Anti-mouse IgG (H + L) (SA00001-1) and HRP-conjugated Affinipure
Goat Anti-Rabbit IgG (H + L) (SA00001-2) were purchased from Pro-
teintech Group, Inc (Chicago, IL, USA). The rabbit anti-human IFITM3
antibody ([KO Validated] IFITM3 Rabbit pAb (A13070)), which is
capable to recognize both human and mouse IFITM3, was purchased
from ABclonal Technology, Inc (Wuhan, China).

Mouse experiments

A total of 120 SPF-grade C57BL/6J mice (female, 6-8 weeks) were
procured from the Animal Experiment Center of the Wuhan Institute of
Virology, Chinese Academy of Sciences. Mice were intraperitoneally inoc-
ulated with 200 pL of CCHFV (n = 65, 1.56 x 10° TCIDsp/mouse) or
received mock infection of mouse brain homogenate prepared in equivalent
volume of serum-free EMEM (n = 55, 200 pL/mouse) as control. On day
three post-inoculation, whole blood was collected. Platelets were purified
from three groups with CCHFV infection and two groups with mock infection
(n = 10/group) and were applied to transcriptome analyses. For Western
blot analyses, platelets were purified from three mouse groups with CCHFV
infection and three mock-infected groups (n = 10/group). Routine blood
examination was carried out using blood from five mice with CCHFV
infection and five others with mock infection, respectively. All animal ex-
periments were approved by the Ethics Committee of the Wuhan Institute of
Virology, Chinese Academy of Sciences (approval number: WIVA33202107)
and conducted in an ABSL-3 (Animal Biosafety Level 3) laboratory.

Platelet isolation from mice

Platelets were isolated from C57BL/6J mice and quantified by RNA
sequencing. Briefly, blood collected in a vessel containing sodium citrate
(w/v, 3.8%) was centrifuged at 200 xg for 20 min at 25 °C to separate
platelet-rich plasma (PRP) from the blood cells. The PRP was transferred
to a new tube, centrifuged (200 xg, 10 min) to remove residual leuko-
cytes and red blood cells, and centrifuged at 500 xg for 5 min to obtain
platelet pellets. Platelets were washed with PIPES buffer (145 mM NaCl,
4 mM KCl, 50 mM NapyHPO4, 1 mM MgCly-6H50, 5 mM PIPES, 5.5 mM
glucose, and 300 nM prostaglandin E1) and re-suspended in serum-free
M199 medium (Gibco®, Thermo Fisher Scientific, Waltham, MA, USA).
Platelet purity (CD41" > 97%) was measured using flow cytometry after
incubation with PE/Cy7® anti-mouse CD41 Antibody [MWReg30].

RNA data analysis
Total RNA was purified from platelets with or without CCHFV

infection using TRIzol reagent (NovaStar, China), following the manu-
facturer's instructions. RNA-seq libraries were constructed according to
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the standard process for mRNA sequencing at the Beijing Genomics
Institute (BGI, China). Raw data were filtered using SOAPnuke software
(v.1.5.2). Gene expression levels were quantified in salmon (v.1.10.3)
using Mus musculus GRCm39 as an index. The differential gene expres-
sion and KEGG pathway enrichment analyses were performed using
DESeq2 (version 1.38.3) and ClusterProfiler (version 4.6.2), respectively.
DEGs were selected using padj < 0.05, logoFoldChange >1, and enrich-
ment pathways were selected based on a P <0.05. Graphs and analyses of
the data were generated using R (v.4.2.3) and ggplot2 (v.3.4.2) with
custom scripts.

Virus infection assay

HEK293 cells or MEG-01 cells (1 x 10° cells per well) were infected
with CCHFV (MOI = 10) at 37 °C and 5% COs for 2 h. The cells were
washed three times with phosphate-buffered saline (PBS) to remove any
remaining free virus and maintained in fresh medium. Cells were
collected at the indicated time points and subjected to Western blotting,
gqRT-PCR, and flow cytometry to determine the CCHFV infection levels.

Western blots

After viral infection, the cells were washed with PBS (pH 7.4) and
lysed in RIPA buffer containing protease inhibitors. Proteins were boiled
at 100 °C for 10 min, then centrifuged for 10 min, and subjected to 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred into polyvinylidene fluoride (PVDF) membranes (Whatman, En-
gland). Membranes were blocked in Tris-buffered saline (TBS)
supplemented with 0.1% Tween 20 plus 5% non-fat milk for 1 h before
incubation overnight with primary antibodies at 4 °C. After washing five
times, membranes were revealed using peroxidase-conjugated corre-
sponding secondary antibodies for 1 h at 37 °C. Band signals were
detected using chemiluminescence (Azure Biosystems, USA) with Super
Signal West Pico Chemiluminescent Substrate (Thermo Scientific, USA),
according to the manufacturer's protocol.

Flow cytometry assay

Cells were harvested by centrifugation at 500 xg for 5 min, and the
pellets were washed with cold PBS, fixed with 4% paraformaldehyde for
10 min, centrifuged at 500 xg for 5 min to remove paraformaldehyde,
and washed with PBS again. Thereafter, the cells were stained with pri-
mary antibodies at 4 °C overnight. After washing, cells were incubated
with appropriate secondary antibodies in the dark and then subjected to
flow cytometric analysis using a flow cytometer (BD Biosciences, USA).
Each experiment was performed in triplicates and repeated at least three
times. The data generated by flow cytometry were statistically analyzed
using FlowJo V10 software.

Immunofluorescence and confocal microscopy

Cells were attached to poly-L-Lysine-coated coverslips and fixed with
4% paraformaldehyde for 15 min, followed by permeabilization with
0.2% Triton-X 100 in PBS for 15 min, and then blocked with 5% BSA in
PBS for 1 h at 37 °C. After incubation with primary antibodies overnight
at 4 °C, subsequently followed by washing and incubation with appro-
priate secondary antibodies, confocal images were captured using a laser-
scanning confocal microscope (Leica STELLARIS 8, Germany). Images
were analyzed using LAS X software.

Real-time reverse transcription polymerase chain reaction (QRT-
PCR)

qRT-PCR analysis was performed to determine the viral loads. Total
RNA was extracted from the culture supernatants of cells infected with
CCHFV at different time points using TRIzol reagent (Takara, Kusatsu,
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Japan) according to the manufacturer's instructions. One-step qRT-PCR
was used to determine the viral loads using a One-Step PrimeScript™ RT-
PCR Kit (Takara) and a StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA). The primer pairs used in this study
were as follows: hifitm3 forward: 5'-AATCACACTGTCCAAACCT-3’, and
reverse: 5-CTCCTCCTTGAGCATCTC-3’; glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) forward: 5-CAAGGGCATCCTGGGCTACACT-
3', and reverse 5'-CCCAGCGTCAAAGGTGGAGGA-3'; CCHFV NP forward:
5'-TCAAGTGGAGGAARGACATAGG-3', reverse: 5-TCCACATGTTCAC
GGCTSACTGGG-3', and the probe: FAM-TCATCRCCACCTCTGTTG
AGAA-BHQ1 (Zhang, Y. et al., 2018).

Generation of IFITM3-overexpressed cell lines and IFITM3-
knockout cell lines

MEG-01 and HEK293 cells overexpressing IFITM3 were generated.
The hifitm3 gene was amplified from HeLa cells of human origin and
verified by Sanger sequencing. Subsequently, the fragment EGFP-P2A-
hifitm3 was cloned into pLVX-IRES-Puro to generate a recombinant
plasmid expressing IFITM3, which was then transferred into HEK293T
cells together with the packaging plasmid psPAX2 and skeleton
plasmid pMD2.0G at a ratio of 2:1.5:0.5, as previously described
(Chang et al., 2024). The supernatant was collected 24 and 48 h after
transfection and centrifuged at 1000 xg for 10 min to remove cell
debris. HEK293 and MEG-01 cells (1 x 10° cells/well) were
pre-inoculated into 6-well plates and transduced with the supernatant.
After 4 h of transduction, the supernatant was replaced with fresh
medium. The overexpression of IFITM3 in cells was examined by flow
cytometry and Western blotting.

To generate knockout-hifitm3 MEG-01 (MEG-01-hifitm3-KO) and
HeLa (HeLa-hifitm3-KO) cell lines, the first exon of the human ifitm3gene
sgRNA or the control sgRNA without a human genome target was cloned
into lentiCRISPR v.2 (Addgene, catalog no. 52961). The lentiCRISPR
plasmid with the inserted sgRNA, psPAX2 packaging vector, and skeleton
plasmid pMD2.0G were co-transfected into HEK293T cells as described
above. MEG-01 and HelLa cells were transduced using transfection su-
pernatants and maintained as described above. MEG-01 and HeLa cells
were treated with 3 pg/mL and 2 pg/mL puromycin, respectively, after 2
d of expression of selected sgRNA and Cas9 in a 6-well plate. The two
most effective IFITM3-targeting sgRNAs were sgRNA1l 5-TTGAG-
CATCTCATAGTTGGG-3' and sgRNA2, 5'-GCAGCAGGGTTCATGAAGA-
3'. Gene knockouts were characterized by tracking indels using decom-
position (TIDE) analysis. After three rounds of puromycin selection, the
genomic DNA was purified using a FastPure Blood/Cell/Tissue/Bacteria
DNA Isolation Mini Kit (DC112-01, Vazyme, China). The cell DNA was re-
suspended in 200 pL of solution, and PCR was performed as follows:
initial denaturation at 95 °C for 3 min, followed by 30 cycles of dena-
turation at 95 °C for 15 s, annealing at 56 °C for 15 s, and extension at 72
°C for 30 s. The ifitm3 locus was amplified using the following primers:
forward 5-ACCATCCCAGTAACCCACCG-3' and reverse 5-GCTGATA-
CAGGACTCGGCTCC-3'.

Pull-down assay

HEK293T cells were co-transfected with two expression plasmids
expressing enhanced green fluorescent protein (EGFP)-fused IFITM3 and
S-tag-fused viral proteins. At 24 h post-transfection, cells were collected,
washed twice with cold PBS, and lysed in immunoprecipitation (IP) lysis
buffer (P0013, Beyotime, China) for 30 min on ice. Lytic supernatants
were isolated by covalent coupling with anti-EGFP (Abclonal, Wuhan,
China) or anti-S-tag single-molecule nanoantibody beads for 4 h at 4 °C to
isolate the immune complexes. The beads were washed three times with
cold lysis buffer and cold PBS before IP. The precipitated complexes were
re-suspended in 1 x SDS loading buffer, separated by SDS-PAGE, and
immunoblotted using specific antibodies.
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CCHFV binding and internalization assays

Pre-chilled MEG-01 and MEG-01-hifitm3-OE cells were incubated
with CCHFV at 4 °C for 1 h, as previously described (Chang et al.,
2024). The cells were then washed three times with ice-cold PBS to
remove unbound viruses. Viral RNA copy numbers were determined by
qRT-PCR. To assess internalized virus loads, cells were further incu-
bated at 37 °C for 1 h after the initial 4 °C incubation. Cells were
harvested at specific time points, washed with PBS containing 500
ng/mL proteinase K to remove surface-bound viruses, and used for RNA
extraction (Liu et al., 2019). Viral RNA loads were determined using
qRT-PCR.

Plasmid construction and transfection

For intracellular localization and interaction analysis, the human
ifitm3 gene (Genbank accession: NM_021034.3) and the domains
including the N-terminal domain (NTD), intramembrane-intracellular
loop domain (IMD-CIL), and intracellular loop-transmembrane domain
(CIL-TMD) were cloned into the pEGFP-N1 vector fused with EGFP at
the C-terminus according to the previous study (Du et al., 2024). The
CCHFV encoding Gc fused with S-tag at the C-terminus was constructed
into a phCMV vector. All plasmids were verified using Sanger
sequencing. Transfection assays were performed with these plasmids
using the Lipofectamine 3000 transfection reagent (L3000015, Invi-
trogen, Thermo Fisher Scientific) according to the manufacturer's
instructions.

Structure prediction

Protein structure models of the human IFITM3 and Gc complexes
were predicted using the AlphaFold3 web server (https://golgi.sandbox.
google.com/) (Abramson et al, 2024). The salt-bridge and
hydrogen-bonding networks were calculated using PDBePISA v1.52
(Krissinel and Henrick, 2007).

Statistical analysis

All experiments were repeated at least three times unless other-
wise stated. Statistical analyses were performed using R (version
4.2.3) and Prism (version 8.0; GraphPad Software, CA, USA) with
custom scripts. Differences between two groups were analyzed using a
two-tailed unpaired t-test, and comparisons among multiple groups
were made using a one-way ANOVA. Statistical significance was set at
P < 0.05.
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