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A B S T R A C T

The recent global outbreak of mpox virus (MPXV) infections underscores the urgent need for antiviral 
therapies against orthopoxviruses. In this study, using a high-content screening (HCS) platform based 
on a modified vaccinia virus Tiantan strain with GFP insertion (MVTT-GFP) under BSL-2 conditions, 
we screened 1513 kinase inhibitors for antiviral activity. Among these, Bruton's tyrosine kinase in-
hibitor BTKi-2 emerged as a potent candidate, exhibiting IC 50 of 0.535 μM against vaccinia virus 
(VACV) and 0.260 μM against MPXV in vitro, while maintaining low cytotoxicity. In a murine model 
of VACV-induced pneumonia, BTKi-2 treatment reduced lung viral loads by 90% and a significantly 
improved survival compared to vehicle-treated controls. Notably, mechanistic studies indicate that 
BTKi-2's antiviral effects cannot be completely attributed to the inhibition of BTK or EGFR/ErbB2 
signaling. These findings highlight BTKi-2 as a promising antiviral agent in vitro and in vivo, sug-
gesting that BTKi-2 may offer a potential avenue for future therapeutic development against ortho-
poxvirus infections.

INTRODUCTION

The global mpox landscape has continued to evolve since the 2022 
clade IIb outbreak, which caused more than 100,000 confirmed cases 
across over 120 countries and continues to circulate at low levels 
(Minhaj, 2022; Mitj� a et al., 2023; Titanji et al., 2024; Tiwari et al., 2025; 
Wu et al., 2025). In parallel, outbreaks of clade I MPXV, particularly 
clade Ib, have expanded in Central and Eastern Africa since late 2023 
and have been associated with exported cases and community trans-
mission outside Africa (Ndembi et al., 2025; P�erez-García et al., 2026; 
Vakaniaki et al., 2024). Although WHO lifted the 2024 mpox Public

Health Emergency of International Concern in September 2025, mpox 
remains a public health threat, with continued risk of flare-ups and new 

outbreaks requiring sustained surveillance and response capacity (Tay-
lor, 2025).

Current antiviral therapeutic options for MPXV include antibody-
based therapies and small-molecule inhibitors. Although antibody 
therapies such as vaccinia immune globulin intravenous (VIGIV) (De 
Clercq et al., 2023) and monoclonal antibodies targeting viral surface 
proteins (VACV A33, B5, A27, and MPXV M1) have demonstrated broad 
cross-neutralizing activity (Gilchuk et al., 2016), their high cost and 
limited availability restrict widespread use. Among clinically-used small
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molecule antivirals, cidofovir and its prodrug brincidofovir target viral 
DNA replication (Foster et al., 2017), whereas tecovirimat (ST-246) 
inhibits F13L/VP37-mediated viral wrapping and release (Adler et al., 
2022; Duraffour et al., 2015). Despite initial therapeutic promise, 
brincidofovir has shown limited clinical benefit in MPXV patients (Adler 
et al., 2022). Similarly, ST-246 was safe but did not significantly shorten 
the time to lesion resolution compared with placebo in randomized 
placebo-controlled trials in patients with mpox (The PALM007 Writing 
Group, 2025; Zucker et al., 2026). In addition, mutations in the viral 
F13L/VP37 target can confer tecovirimat resistance, with resistant vi-
ruses reported particularly in severely immunocompromised patients 
receiving prolonged or repeated tecovirimat treatment (Smith et al., 
2023). Recent studies have therefore explored additional viral targets 
such as VP39 2 ′ -O methyltransferase, E12 subunit of the mRNA cap 
N7-methyltransferase complex, E5 helicase–primase, H1 phosphatase, 
and poxin/cGAMP nuclease (Wang et al., 2026). However, most of these 
candidates remain at the structural, biochemical, or preclinical stage 
and have not yet been validated as human mpox therapies.

In light of these challenges, there is a pressing need to expand the 
antiviral options against orthopoxviruses (Fang et al., 2024). One 
promising strategy is the development of host-targeting antiviral agents 
(HTAs), which act on host cell factors essential for viral infection rather 
than on viral components directly, thereby offering a higher barrier to 
resistance (Karim et al., 2023). Previous studies have shown that host 
kinases play pivotal roles in the life cycles of various viruses (Hajjo et al., 
2023; Kang et al., 2025; Keating and Striker, 2012), including MPXV 
(Reeves et al., 2005, 2011) and vaccinia virus (VACV), by phosphory-
lating viral proteins that are critical for processes such as actin-based 
motility. For example, Src family kinases phosphorylate the VACV pro-
tein A36R (Frischknecht et al., 1999), and the non-receptor tyrosine 
kinase Abl further enhances this modification (Newsome et al., 2006). 
These findings underscore the potential of targeting host kinases as an 
antiviral strategy.

Motivated by this rationale, we performed a phenotypic high-content 
screening (HCS) (Yang et al., 2024) using a modified vaccinia virus 
(Tiantan strain) engineered to express a GFP reporter (MVTT-GFP), 
allowing real-time visualization of infection under BSL-2 conditions. 
Screening a library of 1513 kinase inhibitors with this model, we iden-
tified BTKi-2 as a potent antiviral candidate. BTKi-2 inhibited VACV 
(IC 50 = 0.535 μM), MPXV (IC 50 = 0.260 μM), and ectromelia virus 
(ECTV) in various cell lines. Furthermore, treatment with BTKi-2 in a 
murine model of VACV-induced pneumonia reduced lung viral loads by 
approximately 90% and significantly improved the survival outcomes. 
However, mechanistic studies revealed that the antiviral activity of 
BTKi-2 is beyond BTK and EGFR/ErbB2 signaling. Collectively, these 
results suggest that BTKi-2 provides a novel alternative therapeutic 
approach for MPXV infections.

RESULTS

High-content screening using MVTT-GFP identifies BTK 
inhibitor-2 as a promising antiviral

Due to the biosafety level 3 (BSL-3) requirements for working with 
MPXV, we employed a modified vaccinia virus (Tiantan strain) with a 
GFP reporter gene (designated MVTT-GFP) as a surrogate model for drug 
discovery under BSL-2 conditions. In this system, viral infection can be 
directly quantified by measuring GFP positivity. We first validated the 
MVTT-GFP system using Huh7 cells infected with MVTT-GFP and 
treated with either DMSO (negative control) or ST-246 (positive con-
trol). At 24 h post-infection, HCS analysis revealed a marked difference 
in GFP positivity between the two groups (Fig. 1A), confirming the 
robustness and efficiency of this platform for antiviral screening.

Given the critical role of protein phosphorylation in the viral life 
cycle—and previous reports demonstrating anti-VACV activity of host-
targeting kinase inhibitors such as imatinib mesylate (Gleevec)

(Reeves et al., 2005, 2011) and gefitinib (IRESSA) (Langhammer et al., 
2011; Mercer et al., 2010), we hypothesized that kinase inhibitors might 
be effective antiviral agents against poxviruses. Therefore, we screened 
the MedChemExpress (MCE) kinase inhibitor library containing 1513 
compounds at a final concentration of 5 μM in Huh7 cells infected with 
MVTT-GFP. After 24 h, HCS imaging analysis was conducted to quantify 
cell numbers (via DAPI nuclear staining) and GFP positivity (Fig. 1B). In 
our controls, the DMSO-treated group consistently showed a GFP posi-
tivity rate above 80%, whereas the ST-246-treated group dropped below 

20% (Fig. 1C). Z ′ scores calculated from the control wells confirmed high 
plate quality (Zhang et al., 1999), with all plates scoring above 0.8 
(criterion > 0.5) (Fig. 1D).

For each sample, infection rates and cell numbers were normalized to 
the corresponding DMSO control, allowing for inter-plate comparisons 
(Supplementary Table S1). Antiviral activity was defined by a reduction 
in infection rate, whereas cytotoxicity was inferred from a decrease in 
cell number. Apart from the positive control, ST-246 (highlighted in red, 
Fig. 1E), with a normalized infection rate of 18% and a normalized cell 
count of 110%, fifteen compounds reduced infection rates to ~20% with 
minimal cytotoxicity (normalized cell count > 80%, highlighted in red 
in Supplementary Table S1 and further evaluated in Supplementary 
Fig. S1). Among them, Bruton's tyrosine kinase inhibitor-2 (BTKi-2) was 
located in the lower-right corner (highlighted in green, Fig. 1E), indi-
cating a favorable balance between antiviral activity and cellular 
tolerance, and demonstrated superior efficacy compared to ST-246 at
5 μM (Fig. 1E). In addition, several BTK-targeting compounds were 
recurrently identified among the leading hits in the primary screening, 
suggesting that BTK inhibitors might be potential novel antivirals. 
Collectively, these results indicate that BTKi-2 is a promising candidate 
for further development as an antiviral agent against orthopoxvirus 
infections.

BTKi-2 inhibits MVTT-GFP, ECTV, and MPXV in various cell lines

We initially demonstrated the antiviral activity of BTKi-2 (chemical 
structure shown in Fig. 2A) at 5 μM during primary screening. To further 
validate its efficacy, we performed a dose-response assay in which Huh7 
cells were infected with MVTT-GFP at a multiplicity of infection (MOI) 
of 0.02 and treated with increasing concentrations of BTKi-2 or ST-246. 
Infection rates were quantified via high-content imaging at 24 h p.i. and 
cytotoxicity was evaluated by measuring intracellular ATP level. Our 
results indicated that BTKi-2 exhibits a 50% cytotoxicity concentration 
(CC 50 ) exceeding 20 μM and a 50% inhibitory concentration (IC 50 ) of 
0.535 μM, whereas ST-246 displayed an IC 50 of 0.118 μM (Fig. 2B), 
underscoring the potent antiviral activity of BTKi-2.

Having established that BTKi-2 inhibits VACV infection in Huh7 
cells, we next assessed whether this activity is retained in other cellular 
backgrounds, and extends to additional orthopoxviruses. MPXV was 
selected for its public health relevance, whereas ectromelia virus (ECTV) 
was included as a well-established laboratory orthopoxvirus model. 
First, to ensure that the antiviral effects of BTKi-2 were not cell-type 
specific, we conducted a cytopathic effect (CPE) protection assay in 
both Huh7 and Vero cells. BTKi-2 demonstrated robust antiviral activity 
in both cell lines (Fig. 2C), confirming that its effects are not attributable 
to cytotoxicity and that it is effective in diverse cellular conditions. 
Besides, our data revealed that BTKi-2 effectively reduced the CPE 
induced by ECTV in Vero cells, with an IC 50 of 0.397 μM (Fig. 2D). To 
evaluate BTKi-2's efficacy against MPXV, we employed a GFP-tagged, 
replication-defective cell culture model named rdMPXV Δ96,158 , which 
is biologically contained in cell lines expressing these two essential viral 
proteins to ensure biosafety (Chen et al., 2025) (Fig. 2E). CV-1 cells 
stably expressing OPG96 and OPG158 (CV-1-96,158) were infected with 
rdMPXV Δ96,158 at an MOI of 0.1 and treated with serial concentrations of 
BTKi-2 or ST-246. At 30 h p.i., infection rates were quantified by 
high-content imaging. ST-246 demonstrated an IC 50 of 0.012 μM, 
consistent with prior reports (Yang et al., 2005), while BTKi-2 exhibited
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an IC 50 of 0.260 μM against MPXV (Fig. 2F). Altogether, these findings 
demonstrate the antiviral activity of BTKi-2 against multiple ortho-
poxviruses across different cell lines.

BTKi-2 inhibits poxvirus DNA replication and intermediate/late 
gene expression

To investigate the stage at which BTKi-2 interferes with poxvirus 
infection, we performed a time-of-addition assay to distinguish its ef-
fects on the pre-entry versus post-entry phases of the viral life cycle 
(Daelemans et al., 2011; Lin et al., 2024) (Fig. 3A). In Group 1, DMSO, 
ST-246, or BTKi-2 was added simultaneously with the virus at 37 ◦ C and 
removed after 1 h; no significant inhibition was observed relative to the 
DMSO control (Fig. 3B), indicating that BTKi-2 does not affect viral 
entry. In Group 2, cells were first incubated with virus at 4 ◦ C for 1 h to 
allow attachment, followed by compound treatment beginning 1 h 
post-infection to block post-attachment stages. In Group 3, cells were 
incubated with virus at 37 ◦ C for 1 h to permit virus entry, and com-
pound treatment commenced 1 h post-infection to target post-entry 
events. In both Groups 2 and 3, BTKi-2 significantly reduced infection 
rates (Fig. 3B), similar to the inhibition observed with ST-246, a known 
inhibitor of viral wrapping and release (Duraffour et al., 2015) (Fig. 3C). 
These results suggest that BTKi-2 acts during the post-entry phase of 
infection.

Next, we quantified the yield of mature virions (MV) and extracel-
lular enveloped virions (EEV) under BTKi-2 treatment to examine its 
effects on progeny virion production. Huh7 cells infected with MVTT-
GFP were treated with DMSO, 10 μM ST-246, or various concentra-
tions of BTKi-2. After 24 h, both the supernatant and cell-associated 
virus were harvested and titrated. At an MOI of 0.2, ST-246 markedly

reduced the EEV yield to near the limit of detection and decreased the 
MV yield by approximately 10-fold, whereas BTKi-2 caused a propor-
tional reduction in both MV and EEV yields (Fig. 3D). At an MOI of 2, ST-
246, a known inhibitor of EEV production, had little effect on MV yield 
but reduced EEV by 23%. In contrast, BTKi-2 caused a dose-dependent 
reduction in both MV and EEV yields (Fig. 3E), suggesting that it dis-
rupts the viral replication cycle prior to the formation of mature virions.

To further define the replication steps affected by BTKi-2, viral early 
gene mRNA, genomic DNA, and post-replicative gene mRNA levels were 
evaluated by qPCR, with cytosine arabinoside (AraC) included as a 
positive control, a nucleoside analog known to interfere with DNA 
synthesis. Huh7 cells were infected with MVTT-GFP in the presence of 
DMSO, AraC or BTKi-2. E3L mRNA (early gene) was measured at 2 h 
post-infection, whereas viral genomic DNA, D13L mRNA (intermediate 
gene), and A3L mRNA (late gene) were quantified at 8 h post-infection. 
Neither AraC nor BTKi-2 significantly affected E3L mRNA abundance, 
but both markedly reduced viral DNA levels and D13L and A3L tran-
script levels (Fig. 3F). These results indicate that BTKi-2 inhibits viral 
DNA replication and subsequent intermediate and late gene expression.

BTKi-2 inhibits VACV infection in murine model

To evaluate the therapeutic potential of BTKi-2 in vivo, we used a 
murine model of vaccinia virus (VACV)-induced pneumonia (Zhao et al., 
2024). After confirming the tolerability of this dosing regimen in unin-
fected BALB/c mice (Supplementary Fig. S4), BTKi-2 was administered 
intraperitoneally (i.p.) at 50 mg/kg, starting 3 h prior to infection and 
continuing daily from Day 1 to Day 5. The vehicle control was given on 
the same schedule. Survival, body weight and lung viral loads were 
monitored throughout the experiment (Fig. 4A).

Fig. 1. Identification of BTK inhibitor-2 (BTKi-2) as a potent anti-VACV compound through high-content screening. A Representative images from high-content 
imaging depict MVTT-GFP-infected Huh7 cells treated with 10 μM ST-246 (positive control) or 0.1% (v/v) DMSO (negative control). Green fluorescence in-
dicates infected cells, and blue fluorescence represents nuclei stained with DAPI. Scale bar: 200 μm. B Schematic of the high-content screening (HCS) assay workflow: 
Huh7 cells were infected with MVTT-GFP (MOI = 0.02) and treated with compounds from the MCE kinase inhibitor library (1513 compounds at 5 μM). ST-246 
(5 μM) and DMSO (0.05%, v/v) served as positive and negative controls, respectively. After 24 h, cells were fixed, stained with DAPI, and analyzed by HCS to 
quantify infection rates (GFP%) and cell counts (cytotoxicity). C Infection rates of positive (red) and negative (black) control wells treated with ST-246 (red, n = 3 
biological replicates) or DMSO (black, n = 3 biological replicates). D Z ′ factors of the screening plates. Plates with Z ′ factors above 0.5 (dashed line) were considered 
qualified for further analysis. E Scatter plot of infection rates (% of DMSO) versus cell numbers (% of DMSO) for all tested compounds. DMSO and ST-246 are marked 
in blue and red, respectively. BTKi-2 (green) exhibited potent antiviral activity with minimal cytotoxicity.
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Fig. 2. BTKi-2 inhibits MVTT-GFP, ECTV, and MPXV infection in vitro. A Chemical structure of BTKi-2 (C 24 H 25 N 5 O 3 ). B Dose-response curves for BTKi-2 (black, IC 50 ; 
red, CC 50 ) and ST-246 (blue). IC 50 and CC 50 values were calculated using GraphPad Prism software and represent one of three independent experiments. C Cytopathic 
effect protection assay in Huh7 and Vero cells treated with BTKi-2 or ST-246 at concentrations ranging from 0.02 to 5 μM. Cells were seeded in 24-well plates one day 
prior to infection with MVTT-GFP or ECTV at MOI = 0.02 or 0.2. At 72 h (Huh7 cells) or 96 h (Vero cells) post-infection, cells were fixed and stained with crystal 
violet. DMSO (0.05%, v/v) served as the negative control. D The IC 50 value of BTKi-2 against ECTV was calculated using GraphPad Prism software based on CPE areas 
measured by ImageJ at different drug concentrations. E Schematic of the rdMPXV Δ96,158 cell culture model (Chen et al., 2025). Two genes indispensable for viral 
assembly, OPG96 and OPG158, were deleted and transcomplemented in CV-1-96,158 cells to ensure biosafety. Besides, the reporter expression cassette, mGreen-
Lantern (mGreen)-P2A-Gaussia luciferase, under the control of the viral late promoter P11, was inserted into the thymidine kinase (tk) gene (OPG101) to visualize 
infection. F Dose-response curves for anti-rdMPXV Δ96,158 activity of BTKi-2 (black) and ST-246 (blue). IC 50 values were calculated using GraphPad Prism software 
and represent one of three independent experiments.

Fig. 3. BTKi-2 disrupts the poxvirus replication cycle. A Time-of-addition assay schematic. In Group 1, the drug (DMSO, ST-246, or BTKi-2) was added simulta-
neously with the virus (MOI = 0.02) at 37 ◦ C for 1 h and then replaced with fresh medium. In Groups 2 and 3, drug treatment commenced 1 h post-infection after 
virus attachment (4 ◦ C incubation, Group 2) or entry (37 ◦ C incubation, Group 3). Cells were fixed at 24 h p.i. and analyzed by flow cytometry for GFP positivity. B 
Infection rates of MVTT-GFP of each treatment group are shown. ST-246 (blue) served as a positive control, and DMSO (white) as a negative control. Statistical 
significance was determined by one-way ANOVA with Dunnett's post hoc test; ns, no significance; ***P < 0.001. C Schematic representation of the VACV life cycle. 
Following entry, the virus initiates its replication cycle by transcribing and translating its genome to form immature virions (IVs), which mature into intracellular 
mature virions (MVs). MVs can be released via cell lysis or processed into wrapped virions (WVs) that are exocytosed as extracellular enveloped virions (EEVs). D 
Dose-dependent effects of BTKi-2 and ST-246 on MV and EEV yields at MOI = 0.2. Huh7 cells infected with MVTT-GFP (MOI = 0.2) were treated with DMSO (0.1%, 
v/v), 10 μM ST-246, or various concentrations of BTKi-2. At 24 h p.i., cell debris (for MVs) and supernatant (for EEVs) were collected and titrated. E Dose-dependent 
effects of BTKi-2 and ST-246 on MV and EEV yields at high MOI. Huh7 cells infected with MVTT-GFP (MOI = 2) were treated with DMSO (0.1%, v/v), 10 μM ST-246, 
or various concentrations of BTKi-2. At 24 h p.i., cell debris (for MVs) and supernatant (for EEVs) were collected and titrated. F Relative quantification of viral gene 
mRNA and genomic DNA. Huh7 cells infected with MVTT-GFP (MOI = 0.2) were treated with DMSO, AraC (40 μg/mL), or BTKi-2 (10 μM). At 2 h p.i., E3L mRNA 
levels were quantified by RT-qPCR. At 8 h p.i., D13L and A3L mRNA levels were quantified by RT-qPCR, and viral genomic DNA levels were quantified by qPCR. Gene 
expression and viral DNA levels were normalized to GAPDH for comparison between groups (DMSO = 1). ns, not significant; ***P < 0.001.
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All vehicle-treated mice died by Day 4. In contrast, only one animal 
in the BTKi-2 group died by Day 4, yielding a significantly improved 
survival curve compared to vehicle-treated animals (Fig. 4B). Consistent 
with these findings, vehicle-treated mice exhibited a precipitous weight 
loss preceding death, whereas BTKi-2-treated mice lost weight more 
slowly (Fig. 4C). Furthermore, quantitative PCR of lung homogenates at 
the terminal time point demonstrated a significant viral load reduction 
of ~90% in the BTKi-2 group compared with vehicle-treated animals 
(Fig. 4D). Collectively, these data indicate that BTKi-2 markedly sup-
presses VACV replication in lungs and modestly prolongs survival, 
supporting further mechanistic exploration and optimization before 
clinical application.

BTKi-2 exerts antiviral activity beyond EGFR, ERBB2, and BTK

To elucidate the molecular target underlying the antiviral effects of 
BTKi-2, we first considered Bruton's tyrosine kinase (BTK), which is 
essential for B-cell maturation and activation (Fluckiger et al., 1998). 
However, given that BTK expression is largely restricted to B cells and 
myeloid cells (Jefferies et al., 2003), it is unlikely to account for the 
antiviral effect observed in Huh7 cells. Supporting this view, analysis of 
our screening results showed that among the 36 BTK inhibitors included 
in the library, only 7 were able to reduce VACV infection to below 50% 

(Supplementary Table S1; Supplementary Fig. S2). Additionally, two 
clinically used BTK inhibitors, pirtobrutinib and zanubrutinib, exhibited 
only modest antiviral activity in Huh7 cells (Supplementary Fig. S3). 
This trend suggests that the antiviral activity of BTKi-2 is likely mediated 
by mechanisms independent of BTK inhibition. Previous studies have 
reported that BTK inhibitors can also suppress other non-receptor 
tyrosine kinases, such as BMX, Itk, Tec, Txk, EGFR, Blk, ErbB2, ErbB4, 
and JAK3, when used at higher doses (Estupi~n� an et al., 2021; Shaw, 
2020; Tasso et al., 2021). To determine which of these potential targets 
might contribute to the antiviral effects of BTKi-2, we performed

RT-qPCR in Huh7 cells to measure the expression of these kinases. Our 
data showed that EGFR and ERBB2 were expressed at appreciable levels, 
whereas mRNA levels of the other kinases were negligible (Fig. 5A). 
Based on previous reports implicating EGFR in VACV infection (Beerli 
et al., 2019), where inhibitors like gefitinib block viral spread by sup-
pressing the ERK1/2 pathway (Langhammer et al., 2011), the inhibition 
of EGFR and/or ERBB2 was considered a plausible mechanism.

To test this hypothesis, we generated Huh7 cell lines with single or 
double knockouts (KOs) of EGFR and ERBB2 and assessed their impact 
on VACV infection. In plaque formation assays, both EGFR and ERBB2 
KOs led to significantly reduced plaque sizes (Fig. 5B–C), consistent with 
their roles in viral dissemination (Beerli et al., 2019; Buller et al., 1988). 
However, neither the overall infection rate of MVTT-GFP (Fig. 5D) nor 
the yield of progeny virus (Fig. 5E) was significantly affected in these KO 
cell lines. These findings indicate that, although EGFR and ERBB2 in-
fluence viral transmission, their inhibition alone cannot fully account for 
the antiviral activity of BTKi-2.

To further assess the contribution of BTK to VACV infection and to 
the antiviral activity of BTKi-2, we performed BTK knockdown in BTK-
expressing HEK293T (Fig. 5F) and HeLa cells (Fig. 5H). The reduction of 
BTK was demonstrated by Western blotting analysis. To determine 
whether BTK knockdown affects the antiviral activity of BTKi-2, 
HEK293T cells were transfected with siNC or BTK-targeting siRNAs 
1# − 3# for 48 h and then infected with MVTT-GFP at an MOI of 0.2 in 
the presence of 2 μM BTKi-2 or 0.02% DMSO (v/v). At 24 h p.i., cells 
were lysed and progeny MV was harvested for titration (Fig. 5G). Two-
way ANOVA revealed that BTKi-2 treatment accounted for 98.92% of 
total variation (P < 0.0001), and that neither BTK knockdown alone 
(P = 0.1536) nor the interaction between BTK knockdown and BTKi-2 
treatment (P = 0.5170) was statistically significant. Similar results 
were observed in HeLa cells (Fig. 5I), in which BTKi-2 treatment 
accounted for 98.13% of total variation (P < 0.0001) and the effect of 
BTK knockdown and their interaction were not significant (P = 0.1402,

Fig. 4. In vivo evaluation of BTKi-2 in a murine model of VACV-induced pneumonia. A Experimental design: BALB/c mice (n = 5 per group) received intraperitoneal 
(i.p.) injections of BTKi-2 (50 mg/kg), or vehicle (matching volume to BTKi-2 group). Three hours later, mice were intranasal (i.n.) challenged with VACV 
(1 × 10 6 PFU). From Day 1 to Day 5 post-infection (p.i.), BTKi-2 and vehicle groups received daily i.p. injections. B Kaplan-Meier survival analysis over 5 days p.i. for 
BTKi-2 (red), and vehicle (black) groups. Statistical significance was determined using a Log-rank (Mantel-Cox) test. *P < 0.05. C Body weight changes over 5 days p. 
i., presented as a percentage of initial weight (Day 0) for BTKi-2 (red), and vehicle (black) groups. Statistical significance was assessed by two-way ANOVA followed 
by Sidak's multiple comparisons test. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001. D Viral loads in lung were measured by quantitative real-time PCR 
(qPCR). Statistical significance was assessed by unpaired, two-tailed t-test. **P < 0.01.
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P = 0.2430, respectively). These results indicate that the antiviral ac-
tivity of BTKi-2 cannot be fully explained by BTK inhibition alone. 
Further studies are needed to identify the precise mechanism of action.

DISCUSSION

Using a high-content screening platform based on the MVTT-GFP cell 
culture model, we identified BTKi-2 as a promising anti-VACV candidate 
(Fig. 1). Subsequent dose-response and cytopathic effect protection as-
says confirmed its efficacy in both Huh7 and Vero cells, with minimal 
cytotoxicity and an IC 50 of 0.535 μM (Fig. 2A–C). Moreover, BTKi-2 
exhibited potent anti-ECTV activity in Vero cells (IC 50 = 0.397 μM)

(Fig. 2C), anti-MPXV activity in the rdMPXV Δ96,158 system 

(IC 50 = 0.260 μM) (Fig. 2D–E) and significantly reduced lung viral loads 
by approximately 90% in a murine model of VACV-induced pneumonia, 
resulting in improved survival compared to vehicle-treated controls 
(Fig. 4). These findings suggest that BTKi-2 holds potential for miti-
gating poxvirus infections.

To investigate the mechanism of action, we first performed time-of-
addition assays, which revealed that BTKi-2 exerts its antiviral effect 
after viral entry. Progeny virus inhibition assays further demonstrated 
that viral yield is suppressed prior to the formation of mature virions, 
and the quantification of viral early gene mRNA, genomic DNA, and 
intermediate/late gene mRNAs further implied that BTKi-2 disrupts

Fig. 5. The antiviral activity of BTKi-2 cannot be fully explained by BTK, EGFR, or ERBB2. A Total RNA from Huh7 cells was extracted, reverse transcribed, and the 
mRNA levels of the indicated kinases were quantified by RT-qPCR. Values were normalized to GAPDH mRNA levels. B Cells (2 × 10 5 per well in 24-well plates) were 
infected with 80 FFU of MVTT-GFP per well. After 72 h, cells were fixed with 4% paraformaldehyde (PFA), washed with PBS, and stained with crystal violet. 
“sgRNA1” and “sgRNA2” indicate different single-guide RNAs (sgRNAs) used for CRISPR/Cas9-mediated gene knockout. C Quantification of plaque diameters from 

(B). Each dot represents a single plaque, with the horizontal line indicating the mean plaque diameter. Statistical significance was assessed by one-way ANOVA 
followed by Dunnett's multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001. D Cells with genes knockout as indicated were infected at an MOI of 0.02 and 
fixed for flow cytometry at 24 h post-infection (p.i.). E Viral yields (MV and EEV) in naïve, NTC, EGFR KO, ERBB2 KO, and double KO cell lines. Cells were infected 
with MVTT-GFP at an MOI of 0.2. At 24 h p.i., supernatants (for EEV) and cell debris (for MV) were collected and titrated. Data represent mean ± SD from three 
independent experiments. F Validation of BTK knockdown in HEK293T cells. HEK293T cells were transfected with 80 nM BTK-targeting siRNAs (siRNA-1, siRNA-2, 
and siRNA-3) or a negative control siRNA (siNC). At 48 h post-transfection, cells were harvested and lysed in 1 × SDS loading buffer, followed by Western blot 
analysis using anti-BTK and anti-β-actin antibodies. G Viral yields in BTK-knockdown HEK293T cells. HEK293T cells were transfected with 80 nM BTK-targeting 
siRNAs (siRNA-1, siRNA-2, and siRNA-3) or siNC for 48 h and then infected with MVTT-GFP at an MOI of 0.2 in the presence or absence of 2 μM BTKi-2. At 
24 h p.i., cell debris were collected and titrated. Data represent mean ± SD from three independent experiments. Statistical significance was assessed by two-way 
ANOVA followed by Sidak's multiple comparisons test. H Validation of BTK knockdown in HeLa cells. HeLa cells were transfected with 80 nM BTK-targeting siRNAs 
(siRNA-1, siRNA-2, and siRNA-3) or a negative control siRNA (siNC). At 48 h post-transfection, cells were harvested and lysed in 1 × SDS loading buffer, followed by 
Western blot analysis using anti-BTK and anti-β-actin antibodies. I Viral yields in BTK-knockdown HeLa cells. HeLa cells were transfected with 80 nM BTK-targeting 
siRNAs (siRNA-1, siRNA-2, and siRNA-3) or siNC for 48 h and then infected with MVTT-GFP at an MOI of 0.2 in the presence or absence of 2 μM BTKi-2. At 24 h p.i., 
cell debris were collected and titrated. Data represent mean ± SD from three independent experiments. Statistical significance was assessed by two-way ANOVA 
followed by Sidak's multiple comparisons test.

C. Yang et al. Virologica Sinica 41 (2026) 700–710

706



viral DNA replication and post-replicative gene expression (Fig. 3). This 
pattern is consistent with previous findings for another BTK inhibitor, 
ibrutinib, which was also shown to suppress VACV-WR DNA replication 
and post-replicative gene expression. Given that BTKi-2 and ST-246 
target distinct stages of viral life cycle, the combination therapy may 
produce additive or synergistic inhibition and mitigate the emergence of 
drug resistance.

To elucidate the host targets of BTKi-2, we assessed the expression of 
reported targets of BTK inhibitors in Huh7 cells. Surprisingly, among 
several candidates, only EGFR and ERBB2 were appreciably expressed 
(Fig. 5A). Although knockout of EGFR and ERBB2 led to smaller plaques, 
it did not significantly alter the overall infection rate or progeny virus 
production (Fig. 5B–E). These findings are not necessarily inconsistent, 
because plaque size reflects the efficiency of cell-to-cell spread, which 
depends not only on progeny virus production but also on additional 
processes such as the formation of cell-associated enveloped virions, 
actin tail formation, and cell motility. Consistent with our results, pre-
vious studies showed that inhibition of the EGFR pathway reduced 
VACV-WR plaque size mainly by interfering with actin tail formation, 
rather than substantially affecting MV or EEV production (Beerli et al., 
2019). We further assessed the contribution of BTK to the antiviral ac-
tivity of BTKi-2 in cells with endogenous BTK expression. In HEK293T 
and HeLa cells, the antiviral activity of BTKi-2 was retained after BTK 
knockdown (Fig. 5G and I). These findings demonstrate that the anti-
viral activity of BTKi-2 might not be attributed to any single target such 
as EGFR, ERBB2 or BTK. Besides, we noticed that although BTK was 
reported as a proviral factor (Niu et al., 2025), BTK knockdown did not 
impair progeny virus yield in our assay. One possible explanation is that 
the contribution of BTK may be context-dependent and influenced by 
differences in virus strain, infection conditions, assay endpoint, or the 
extent of BTK knockdown. Maybe a stronger proviral contribution of 
BTK could be observed under low-MOI and longer-duration conditions.

In addition to BTKi-2, our top candidate, we observed a recurrent 
presence of compounds annotated as BTK or EGFR inhibitors among the 
active hits in our library. Among the eight primary hits with a selective 
index > 2 during validation, we noticed an enrichment for inhibitors 
nominally targeting BTK and EGFR: three of them (BTKi-2, ibrutinib, 
and ONO-4059 analog) are classified as BTK inhibitors, whereas three of 
them (TAS6417, genistein, and lifirafenib) are annotated as EGFR in-
hibitors (Supplementary Fig. S1). A similar trend was previously re-
ported in a drug-repurposing screen for anti-poxvirus compounds, in 
which 142 hits were identified from 3228 candidates, including two BTK 
inhibitors (ibrutinib and CNX-774) and twenty-three VEGFR/EGFR in-
hibitors (Peng et al., 2020). However, only a small fraction of BTK- or 
EGFR-targeting compounds in the library exhibited meaningful antiviral 
activity (Supplementary Table S1; Supplementary Fig. S2). These ob-
servations support that their antiviral activity results from additional 
cellular mechanisms beyond BTK or EGFR inhibition. A systematic 
comparison of the target spectra of the most potent antiviral hits may 
therefore help identify previously unrecognized host factors that are 
genuinely required for orthopoxvirus replication.

Nonetheless, our study has limitations. First, our screening 
approach focused on a library of known kinase inhibitors, possibly 
overlooking critical host factors that are not common drug targets. 
Thus, an unbiased whole kinase screening based on genetic tools might 
be helpful. However, CRISPR/Cas9 whole-genome screens have not 
identified any single kinase as indispensable for poxvirus infection 
(Matía et al., 2022), suggesting that the potent antiviral effect of 
BTKi-2 may stem from its ability to modulate a complex network of 
host factors.

Furthermore, although BTKi-2 effectively reduces mortality and viral 
load in vivo, a deeper understanding of its interplay with host immune 
networks should be prioritized before clinical translation. BTK is indis-
pensable for B cell development and influences macrophage function 
(Lee et al., 2012). It has been reported that B-cell-deficient mice had a 
normal early T-cell response to ECTV yet ultimately died of persistent

high virus load in the blood, lungs, and skin (Chaudhri et al., 2006). 
Similar results have been obtained in macaques, where anti-vaccinia 
antibodies alone were sufficient to prevent deadly MPXV infection 
(Edghill-Smith et al., 2005). These observations underscore the need to 
delineate how BTKi-2 affects B-cell function and antibody production 
during orthopoxvirus infection, and to identify a therapeutic window 

that preserves protective humoral immunity while maintaining optimal 
antiviral efficacy.

In addition, tissue damage during viral infection may not result 
solely from direct viral replication, but may also be driven by dysregu-
lated host inflammatory responses. In immunocompromised patients 
with severe or fatal infection, MPXV-associated immune reconstitution 
inflammatory syndrome (IRIS) may contribute to disease progression 
(Ritter et al., 2024). Beyond its role in B cells, BTK also participates in 
innate immune signaling in myeloid cells and promotes the production 
of pro-inflammatory mediators. Ibrutinib has been reported to possibly 
protect against pulmonary injury and decrease blood inflammatory cy-
tokines in Waldenstrom macroglobulinemia (WM) patients infected 
with SARS-CoV-2 (Treon et al., 2020). Acalabrutinib, another BTK in-
hibitor, was reported to reduce inflammation and improve clinical 
outcome of nineteen hospitalized patients with severe COVID-19 
(Roschewski et al., 2020). In the context of orthopoxvirus infection, it 
will therefore be important to determine whether BTKi-2 influences not 
only viral replication but also the host inflammatory response, as both 
may contribute to its overall in vivo effect.

CONCLUSIONS

In summary, our findings provide compelling evidence that BTKi-2 is 
an effective antiviral agent against VACV in vivo and in vitro, with similar 
efficacy against ECTV and MPXV in cell culture. Mechanistically, BTKi-2 
suppresses viral DNA replication and intermediate/late gene expression. 
However, its antiviral activity cannot be fully explained by inhibition of 
BTK, EGFR, or ERBB2 alone. Further identification of its molecular 
target(s) will not only facilitate the optimization of BTKi-2, but also 
improve our understanding of orthopoxvirus-host interactions and 
support the development of antiviral strategies against orthopoxvirus 
infections.

MATERIALS AND METHODS

Cell culture

All cell lines used in this study were obtained from the American 
Type Culture Collection (ATCC, Manassas, VA, USA). Huh7, Vero, 
HEK293T, and HeLa cells were maintained in Dulbecco's Modified Eagle 
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 
50 IU/mL penicillin/streptomycin (P/S) in a humidified 5% CO 2 incu-
bator at 37 ◦ C. Cells were passaged every 2–3 days and harvested at 
90%–95% confluence for experiments. All cell lines were tested regu-
larly to ensure the absence of mycoplasma contamination using PCR-
based assays (Young et al., 2010).

Virus amplification and titration

GFP reporter gene was inserted into the genome of modified Tiantan 
strain of vaccinia virus (MVTT-GFP) to visualize viral infection (Zhu 
et al., 2007). For amplification, Huh7 cells in 10-cm dishes were infected 
at an MOI of 0.01 and incubated for 48 h until extensive cell detachment 
was observed. Cells and supernatant were collected and centrifuged at 
500×g for 5 min. The cell pellet was resuspended in 1 mL PBS and 
subjected to six freeze-thaw cycles (freezing in liquid nitrogen for 1 min 
followed by thawing in a 37 ◦ C water bath for 2–3 min) to release 
intracellular mature virus (MV). The resulting supernatant, containing 
both MV and extracellular enveloped virus (EEV), was pooled, ali-
quoted, and stored at − 80 ◦ C. For titration, Huh7 cells seeded in 96-well
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plates (2 × 10 4 cells/well) were infected with 100 μL of serial 10-fold 
dilutions (10 − 1 to 10 − 8 ) in DMEM (containing 10% FBS, 50 IU/mL 
P/S), in triplicate. Foci were counted 36–48 h post infection, yielding a 
typical titer of 1 × 10 6 focus forming units (FFU)/mL.

Ectromelia virus (ECTV) was amplified and titrated in Vero cells. For 
amplification, Vero cells seeded in 10-cm dishes were infected at an MOI 
of 0.01 and cultured in DMEM without FBS but supplemented with 50 IU/ 
mL P/S. After 4–5 days, similar protocol was used to harvest and store MV 
and EEV. For titration, Vero cells were seeded into 96-well plates at
1 × 10 4 cells per well one day prior to titration. On the following day, 
cells were infected with 100 μL of serially diluted virus (10⁻ 0 to 10 − 7 ) in 
DMEM (without FBS, 50 IU/mL P/S), with each dilution performed in 
triplicate. Plaques were counted 60–72 h post-infection, yielding a typical 
titer of 2 × 10 5 plaque forming units (PFU)/mL.

Chemicals and reagents

The MedChemExpress Kinase Inhibitor Library, containing 1513 ki-
nase inhibitors, was customized and housed at the Center of Pharma-
ceutical Technology, Tsinghua University (Beijing, China), was utilized 
for HCS and dose-response studies. The collection was provided in 384-
well plates, with each compound dissolved to 10 mM and stored at
− 20 ◦ C until use. ST-246 was acquired from SelleckChem (S3380). BTK 
inhibitor 2 was purchased from TargetMol (T10629). DMSO was pur-
chased from Sigma (D2650-100 ML).

High-content screening for antiviral compounds

One day prior to infection, Huh7 cells were seeded in clear 96-well 
plates (167,008, ThermoFisher Scientific) at a density of 20,000 cells 
per well. The 10 mM drug stocks were thawed at 25 ◦ C for 1 h before use. 
Using the Echo550 Liquid Handler (Labcyte), 50 nL of each compound 
was transferred into empty 96-well round-bottom plates (163,320, 
ThermoFisher Scientific). Positive control (10 mM ST-246 in DMSO) and 
negative control (DMSO) were processed similarly. Next, 100 μL of an 
MVTT-GFP dilution in DMEM (supplemented with 10% FBS and 50 IU/ 
mL P/S) was added to achieve a final drug concentration of 5 μM (0.05% 

DMSO, v/v) and an MOI of 0.02. The resulting drug-virus mixture 
replaced the culture medium of Huh7 cells. At 24 h post-infection, cells 
were fixed with 4% PFA (Leagene) at room temperature for 15 min and 
stained with 1 μg/mL DAPI (in PBS) for 2 h. Samples were then analyzed 
using the Opera Phenix High-Content Screening System (PerkinElmer) 
and Harmony software (PerkinElmer) to quantify total and GFP-positive 
cell numbers across five fields per well. Plate quality was assessed by Z ′ 
factor using the formula: Z' = 1 − 3*(SD of positive control + SD of 
negative control)/|mean of positive control − mean of negative control| 
(Zhang et al., 1999). Finally, each compound's infection rate and cell 
count were normalized to those of the negative control on the same plate 
for further summarization and analysis.

Dose-response curves determination

For IC 50 determination, Huh7 cells were seeded at 20,000 cells per 
well in 96-well plates and infected with MVTT-GFP at an MOI of 0.02. 
Compounds were added at a series of gradient concentrations. At 24 h p. 
i., cells were fixed, stained with DAPI, and analyzed using the Opera 
Phenix high-content screening system to quantify GFP-positive cells as 
previously described. The infection rate in each well was normalized to 
that of the DMSO control, and IC 50 values were calculated by fitting the 
data to the “log (inhibitor) vs. normalized response-variable slope” 
model using GraphPad Prism 8.4.3 (GraphPad Software).

For CC 50 determination, Huh7 cells were seeded at 5000 cells per 
well in 96-well plates and cultured overnight. The following day, cells 
were treated with serial dilutions of each compound. After 3 days, cell 
viability was assessed using the CellTiter-Glo® Reagent Kit (G7571, 
Promega) according to the manufacturer's instructions. Luminescence

was measured in opaque-walled 96-well plates using a Promega 
luminometer, and CC 50 values were determined by fitting the data to the 
“log (inhibitor) vs. normalized response-variable slope” model in 
GraphPad Prism 8.4.3, with DMSO-only samples serving as the 100% 

viability control.

Cytopathic effect protection assay

Huh7 or Vero cells were seeded in 24-well plates at 150,000 cells per 
well one day before infection. Cells were then infected with MVTT-GFP 
or ECTV at an MOI of 0.02 in the presence of varying doses of the test 
compound or DMSO as a control. For MVTT-GFP, cells were cultured in 
DMEM supplemented with 10% FBS and 50 IU/mL penicillin/strepto-
mycin, whereas for ECTV, DMEM without FBS (with 50 IU/mL P/S) was 
used. At 72 h p.i. (MVTT-GFP) or 96 h p.i. (ECTV), cells were fixed with 
4% PFA and stained with 1% (w/v) crystal violet in PBS. Photographs of 
each well were captured by Multifunctional Imaging System (Tanon 
1600). Plaque areas formed by ECTV under different drug concentra-
tions were quantified using ImageJ software. The inhibition% was 
calculated as [1 − (plaque area/well area)] × 100%, and was imported 
into GraphPad Prism for dose–response curve fitting and IC 50 
determination.

rdMPXV Δ96, 158 inhibition assay

Replication defective MPXV lacking OPG96 and OPG158 
(rdMPXV Δ96, 158 ) was used to evaluate the antiviral activity of com-
pounds as reported (Chen et al., 2025). Briefly, CV-1-96, 158 cells, 
which had been engineered to transcomplement the essential viral 
proteins for assembly, were seeded into 96-well plates and infected with 
rdMPXV Δ96,158 at an MOI of 0.1 in the presence of serial compound 
dilutions. After 30 h of incubation, cells were fixed, stained with DAPI, 
and analyzed as detailed in the “Dose-Response Curves Determination” 
section.

Viral yield inhibition assay

Huh7 cells were seeded in 24-well plates at 2 × 10 5 cells per well and 
cultured overnight. The following day, cells were incubated with MVTT-
GFP (MOI = 0.2 or 2) at 37 ◦ C for 1 h to allow for viral entry. After 1 h, 
the supernatant was discarded, and the cells were rinsed twice with PBS 
to remove remaining virus. Subsequently, 500 μL of DMEM (containing 
10% FBS and 50 IU/mL P/S), containing either the test compound or 
DMSO, was added to each well. At 24 h p.i., progeny EEV and MV were 
harvested and titrated.

VACV infection assay in BALB/c mice

Experiments were performed in the Animal Biosafety Level 2 (ABSL-
2) facility at the Chinese Center for Disease Control and Prevention 
(Zhao et al., 2024). Specific pathogen-free, 6-8-week-old female BALB/c 
mice were purchased from Beijing Vital River Laboratory Animal 
Technology (licensed by Charles River) and were randomly housed with 
five mice per cage. BTKi-2 was formulated at 5 mg/mL in vehicle con-
taining 10% DMSO, 40% PEG-300, 5% Tween-80, and 45% saline (v/v). 
Two groups of mice were intraperitoneally (i.p.) administered BTKi-2 or 
the vehicle at 10 μL/g body weight (corresponding to a BTKi-2 dose of 
50 mg/kg) 3 h prior to intranasal (i.n.) challenge with a lethal dose 
(1 × 10 6 PFU) of VACV-WR. Over the following 4− 5 days, BTKi-2 or the 
vehicle was administered once daily at the same volume. Mice were 
weighed daily and were euthanized when they lost 20% of their initial 
body weight. Lung tissues were harvested for DNA isolation using the 
Magnetic Swab Viral DNA/RNA Kit (EnerTher). Viral load was assessed 
using the NovoStart® Probe qPCR SuperMix (UDG) Kit (Novoprotein) 
and Premix Ex Taq™(Probe qPCR) (Takara) on the ABI QuantStudio 3 
Real-Time PCR system.
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RNA isolation and RT-qPCR

The protocol of total RNA extraction, reverse transcription and 
quantitative PCR analysis has been previously described (Zhu et al., 
2024). Primers used in qPCR are shown in Supplementary Table S2.

Generation of EGFR and ERBB2 knockout Huh7 cell lines

LentiCRISPRv2 vector was used to generate EGFR and ERBB2 
knockout (KO) Huh7 cell lines (Sanjana et al., 2014). Two target se-
quences were picked for each gene, and non-target controls (NTCs) with 
sequence absent from human genome were included as mock KO con-
trols. The targets sequences are shown in Supplementary Table S3. The 
constructed vectors were verified by Sanger sequencing (Tsingke, Bei-
jing) and used for lentivirus packaging as following the standard pro-
tocol (Ren et al., 2021). Huh7 cells were transduced with the lentiviruses 
twice in the presence of polybrene (10 μg/mL) and subsequently 
selected by puromycin (5 μg/mL) or blasticidin S (5 μg/mL) treatment to 
enrich for successfully transduced cells.

Plaque forming assay

Huh7 cells were seeded in 24-well plates at 150,000 cells per well. 
The next day, cells were infected with 50 focus forming units (FFU) of 
MVTT-GFP per well. After 1 h of incubation at 37 ◦ C, 250 μL of car-
boxymethyl cellulose (CMC) overlay was slowly added to each well. At 
72 h p.i., cells were fixed with 4% PFA and stained with 1% (w/v) crystal 
violet in PBS. Photographs of each well were captured by Multifunc-
tional Imaging System (Tanon 1600) and the area and diameter of each 
plaque were measured using ImageJ Software.

BTK knockdown and Western blotting analysis

HEK293T and HeLa cells were transfected with BTK-siRNA NC or 
siRNA 1–3 (shown in Supplementary Table S2, ordered from GENCEFE 
Biotech, Wuxi, China) for 48 h and were infected with MVTT-GFP at 
MOI of 0.2 in the presence or absence of 2 μM BTKi-2. At 24 h p.i., cells 
were lysed in 1 × SDS loading buffer. Western blotting was performed as 
previouisly described (Yang et al., 2024). The membranes were incu-
bated with primary antibodies mouse anti-β-actin (AC004, Abclonal) 
and rabbit anti-BTK (CSB-PA002867LA01HU, CUSABIO) in 5% nonfat 
milk in PBS containing 0.1% Tween-20 (PBS-T) for 2 h, followed by 
washing with PBS-T. The membranes were then incubated with 
HRP-conjugated secondary antibodies (Abclonal) for 1 h, washed again 
with PBS-T, and visualized using an ImageQuant LAS 4000 luminescent 
image analyzer (GE Healthcare).

Statistical analysis

Unless otherwise mentioned, results are represented as 
means ± standard deviations (SD) determined by GraphPad Prism 8 
(GraphPad Software, La Jolla, CA). Dose-response curves were analyzed 
and fitted with the model ‘log (inhibitor) vs. normalized response-
variable slope’ in GraphPad Prism 8. One-way analysis of variance 
(ANOVA) with Dunnett's honestly significant difference (HSD) test was 
used to test for the statistical significance of the differences between the 
control group and other groups. P values of less than 0.05 were 
considered statistically significant.
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