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Abstract: Naturally abundant antimicrobial lipids, such as fatty acids and monoglycerides, that dis-
rupt membrane-enveloped viruses are promising mitigants to inhibit African swine fever virus
(ASFV). Among mitigant candidates in this class, glycerol monolaurate (GML) has demonstrated
particularly high antiviral activity against laboratory-adapted ASFV strains. However, there is an
outstanding need to further determine the effects of GML on wild-type ASFV strains, which can
have different virulence levels and sensitivities to membrane-disrupting compounds as compared
to laboratory-adapted strains. Herein, we investigated the antiviral effects of GML on a highly vir-
ulent strain of a wild-type ASFV isolate (Armenia/07) in an in vitro porcine macrophage model.
GML treatment caused a concentration-dependent reduction in viral infectivity, and there was
a sharp transition between inactive and active GML concentrations. Low GML concentrations had
negligible effect on viral infectivity, whereas sufficiently high GML concentrations caused a >99%
decrease in viral infectivity. The concentration onset of antiviral activity matched the critical micelle
concentration (CMC) value of GML, reinforcing that GML micelles play a critical role in enabling
anti-ASFV activity. These findings validate that GML can potently inhibit wild-type ASFV infection of
porcine macrophages and support a biophysical explanation to guide antimicrobial lipid performance
optimization for pathogen mitigation applications.
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1. Introduction

The African swine fever virus (ASFV) is the causative agent of a highly lethal hem-
orrhagic disease with near 100% mortality in newly exposed pig populations and is a
major agricultural biosecurity risk [1,2]. In recent years, ASFV outbreaks have significantly
affected pig production worldwide, especially in parts of Asia where an epidemic occurred
in 2018-2021, and have impacted global food and feed markets [3]. From a biosecurity
perspective, ASFV is challenging to stop because there are no currently approved vaccines
or therapeutics [4,5]. Hence, preventing ASFV transmission is critical and mainly relies on
containment, sanitation, and surface disinfection [6-8]. Within this scope, there has been
growing attention to the role that feed and drinking water can play as transmission vectors
in contributing to ASFV disease spread [9] and in developing additive-based chemical
mitigation strategies to inhibit ASFV in these matrices [10]. While formaldehyde is a widely
used crosslinking additive to inhibit viral pathogens in such contexts, regulatory actions
have banned its usage in certain jurisdictions, such as the European Union [Regulation
(EU) 2018/183] (see also discussion in Ref. [11]), and there are ongoing efforts to develop
new classes of regulatory acceptable mitigants with antiviral properties.
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One promising target for antiviral mitigant development is the phospholipid mem-
brane envelope that surrounds infectious ASFV particles [12]. Envelope targeting has two
main advantages: (1) the lipid bilayer structure of the envelope is conserved across differ-
ent virus strains so that one mitigant can broadly work against multiple virus strains in
principle and potentially against different viruses; and (2) viruses cannot easily mutate to
become resistant since the membrane components in the envelope are derived from host
cell membranes and are not encoded in the viral genome [13,14]. Nevertheless, compared
to other single-enveloped pig viruses, such as porcine epidemic diarrhea virus (PEDV) and
porcine reproductive and respiratory syndrome virus (PRRSV), ASFV is a more rugged,
double-enveloped virus belonging to the nucleocytoplasmic large DNA virus (NCLDV)
family (Ref. [15]), and experimental testing on ASFV is thus needed to validate the antiviral
efficacy of anti-ASFV mitigant candidates.

The need to test antiviral mitigants against ASFV while maintaining a high biosafety
level has led to the development of the non-virulent ASFV BA71V strain, which is adapted
to infect commonly used cell lines but neither infects porcine cells nor causes disease in
pigs [16]. The ASFV BA71V strain has proven effective for testing membrane-disrupting
antiviral mitigant candidates such as antimicrobial lipids (fatty acids and monoglyc-
erides [17,18]) and rigid amphipathic fusion inhibitors (RAFIs) [19-21]. However, experi-
mental data indicate that some membrane-disrupting mitigants can exhibit strain-specific
antiviral activities. For example, certain RAFIs were shown to inhibit the ASFV BA71V
strain by inhibiting virus-cell attachment, whereas the same compounds did not affect
cellular attachment of the virulent, wild-type ASFV Armenia/07 strain isolate that infects
porcine macrophages [19]. These findings underscore that the BA71V strain may be an ef-
fective screening tool (as are potentially other NCLDV surrogates under development as
well [22,23]) to identify anti-ASFV mitigants, but further validation against virulent ASFV
strains is needed to support translation.

Herein, we evaluated the antiviral properties of glycerol monolaurate (GML) against
the virulent ASFV Armenia/07 strain in order to validate the potential antiviral efficacy of
GML against circulating, wild-type ASFV strains. GML is a regulatory acceptable, food-
grade monoglyceride that disrupts phospholipid membranes and has shown antiviral
efficacy against a wide range of enveloped viruses, including in vivo treatment effects to
ameliorate PEDV and Seneca Valley virus (SVV) infections in pigs [24,25]. Of note, GML has
previously been shown to abrogate non-virulent ASFV BA71V strain infectivity in drinking
water and had a higher level of antiviral activity than other tested medium-chain fatty
acids [20]. Furthermore, GML blunted ASFV BA71V strain infectivity in feed while addi-
tionally causing conformational changes in viral surface proteins [20]. Building on these
findings, our objective in the present study was to further explore the feasibility of GML to
inhibit ASFV Armenia/07 infection in a porcine macrophage model, especially in terms of
elucidating concentration-dependent effects that relate to the biophysical characteristics of
GML as an antiviral mitigant.

2. Materials and Methods
2.1. Cell and Virus Preparations

The virulent ASFV Armenia/07 strain was used in all experiments, as previously
described [26]. Viral titer quantification was conducted by the hemadsorption (HAD) assay,
and titer levels are expressed in units of 50% hemadsorption doses (HADUsp) per mL.
In addition, primary porcine alveolar macrophages (PAMSs) were obtained and prepared
following established protocols [27]. Prior to antiviral testing, the PAMs were maintained
at 37 °C in Dulbecco’s modified Eagle’s medium that was supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 IU/mL penicillin, and 100 pg/mL streptomycin.
All kits and reagents were obtained from Sigma-Aldrich (Darmstadt, Germany) unless
otherwise specified.
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2.2. Cytotoxicity Assay

The effect of GML on PAM cell viability was investigated by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells in a 96-well cell culture plate
(1 x 10* cells per well) were treated with different GML concentrations (500, 250, 125, 63,
or 31 puM in a two-fold dilution series). Treated cells were incubated for up to 72 h at 37 °C
in a 5% CO, environment. After incubation, the medium was removed and MTT solution
was added. The microplates were incubated at 37 °C for 3 h after adding MTT solution,
followed by purple formazan extraction by MTT solvent. The colorimetric measurements
were performed on a microplate reader at 570 nm. The percentage of viable cells was
calculated at each GML concentration as [(ODT/ODC) x 100%], whereby ODT and ODC
correspond to the absorbance (optical density) of treated and control cells, respectively.

2.3. Antiviral Assay

Suspensions of ASFV Armenia/07 were prepared at a multiplicity of infection (MOI) of
0.5 or 1 HADUs per well and were treated with different GML concentrations (250, 125, 63,
or 31 uM in a two-fold dilution series) for one hour at room temperature along with negative
control (virus-only without GML). GML is understood to quickly disrupt phospholipid
membranes (<15 min), and the time period was selected to ensure sufficient incubation
time in line with past reports [20].

The treated virus samples were then added to infect PAM cells seeded at 2 x 10° cells
per well in a 24-well plate and were cultured for 48 or 72 h. Cell culture supernatants
were collected at 24, 48, and/or 72 h post-infection as appropriate, and viral titer in
the supernatant was quantified by HAD assay upon porcine erythrocyte addition [27].
ASFV presence was quantified by counting the formation of erythrocyte rosettes around
infected macrophages and was expressed in HADUj5p/mL units accordingly.

2.4. Statistical Analysis

All statistical tests were performed using the GraphPad Prism 8 software package
(San Diego, CA, USA). One-way analysis of variance (ANOVA) with Dunnett’s multi-
ple comparisons test (versus virus-only control) was used. Statistical significance was
computed in terms of multiplicity-adjusted p values, and p < 0.05 indicates the cutoff for
statistical significance.

3. Results and Discussion

We selected the ASFV Armenia/07 strain as the model virulent strain for assessing
the antiviral activity of GML, which is a saturated monoglyceride that is an esterified
adduct of 12-carbon-long lauric acid and glycerol. GML was originally identified to possess
potent antimicrobial activity for inhibiting bacteria compared to other medium-chain fatty
acids and monoglycerides, and more recently it has been explored for inhibiting enveloped
viruses as well [28,29]. From biophysical experiments, it is understood that GML mainly
disrupts phospholipid membranes at concentrations above its critical micelle concentration
(CMC) (Ref. [30]), and membrane disruption is understood to be the basis for its antiviral
activity against enveloped viruses [31]. Our selection of the ASFV Armenia/07 strain
in particular was further motivated by two main factors: (1) this strain isolate is highly
virulent in pigs and similar to the wild-type ASFV Georgia/07 strain that initially caused
an outbreak in the Caucasus region [32,33]; and (2) the strain has been used previously
to test other membrane-disrupting antiviral molecules such as RAFIs [19]. Accordingly,
ASFV virus suspensions (MOI: 0.5 HADUs per well) in aqueous solution were mixed with
different GML concentrations for a treatment period, followed by adding the virus-GML
mixtures to infect PAM cells. The infection process was allowed to continue, and cell culture
media supernatants were collected at 48 and 72 h post-infection in order to measure the
extent of infectious virus replication. The GML concentration range was chosen based
on the range of antiviral potency observed in past testing with the ASF BA71V strain
(31-250 uM) [20] and also bridges the CMC range of GML (~60 uM) [34].
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At 48 h post-infection, the virus-only control titer was 5.1 £ 0.1 log(HADUsp/mL), and
the titer of the virus sample treated with 31 pM GML was similar at around
5.0 £ 0.3 log(HADUs/mL) (Figure 1A). In marked contrast, virus samples treated with
63, 125, or 250 uM GML had significantly reduced titers around 2.6 £ 0.1, 2.4 £+ 0.1,
and 2.3 & 0.1 log(HADUsp/mL), respectively. Thus, GML had a negligible antiviral ac-
tivity until reaching a critical concentration of 63 uM, which is around the CMC value of
GML. This concentration-dependent finding agrees well with past ASFV BA71V testing
results [20] and supports that GML micelles are the principal unit involved in disrupting
ASFV particles.
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Figure 1. Antiviral activity of GML to inhibit Armenia/07 ASFV infection of porcine macrophages
in vitro. The virus suspension was treated with different concentrations of GML (31-250 uM) prior
to PAM cell infection. The 0 uM GML data point corresponds to the virus-only control. Viral titers
of cell culture supernatants were measured (A) 48 h or (B) 72 h post-infection by hemadsorption
assay. Data are reported in units of log 50% hemadsorption doses (HADUsg) per mL and presented
as mean = standard deviation from three independent experiments (n = 3 per group). The markers
*** and ns indicate p < 0.001 and p > 0.05, respectively, as compared to the virus-only control.

Similar test results were also recorded at 72 h post-infection (Figure 1B). In this case,
the virus-only control titer was 5.4 &+ 0.1 log(HADUsy/mL), whereas the titer of the virus
sample treated with 31 uM GML was 4.9 & 0.1 log(HADUs5p/mL). While the average titer
difference was 0.5 log units, the difference was not statistically significant. By contrast,
virus samples treated with 63, 125, or 250 uM GML had significantly reduced titers around
29+0.1,22+0.1,and 2.0 £+ 0.4 log(HADUs(/mL), respectively.

We also performed similar experiments at a higher MOI (1 HADUs per well) and
observed a similar trend in the concentration-dependent antiviral effects of GML (Figure S1).
At 24 h post-infection, the virus-only control titer was ~5.5 log(HADUsp/mL), and a similar
titer was also recorded for the virus sample treated with 31 uM GML. Conversely, virus
samples treated with 63, 125, or 250 pM GML tended to have reduced titers of around ~4.7,
~4.2, and ~3.7 log(HADUs, /mL), respectively. At 48 h infection, a similar trend was again
observed. For the virus-only control and virus sample treated with 31 pM GML, the titers
were around ~6.3 log(HADUsy /mL), whereas virus samples treated with 63, 125, or 250 pM
GML tended to have decreased titers of around ~4.2, ~4.4, and ~3.9 log(HADUs,/mL),
respectively. Taken together, these data reinforce that GML was only active at and above
63 uM, whereas a two-fold reduction in the GML concentration led to an insignificant
antiviral effect.

In addition to changes in viral titer, we also plotted the percentages of viral infectivity
relative to the virus-only control (Figure 2). This quantification approach allowed us to
obtain unitless indicators of viral infectivity reduction in order to plot data obtained with
the virulent ASFV Armenia/07 strain here and data obtained with the non-virulent ASFV
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BA71V strain in a past study [20]. While the absolute viral titers cannot be compared
directly because different methods were used depending on the virus strain and cell
type, we focused on calculating the percentage change in viral infectivity relative to the
appropriate untreated control. We first analyzed the antiviral data collected with the ASFV
Armenia/07 strain at 72 h post-infection and focused on >63 uM GML treatment conditions,
within which range statistically significant antiviral effects were observed. Within this
range, 63, 125, and 250 uM GML treatments caused significant drops in viral infectivity of
around 99.7% =+ 0.10%, 99.9% =+ 0.02%, and 99.9% = 0.06%, respectively.
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Figure 2. Quantitative analysis of GML inhibitory effect in vitro on virulent (Armenia/07) and non-
virulent (BA71V) ASFV strains. The concentration-dependent inhibitory effects of GML are expressed
in terms of the degree of infectivity reduction relative to virus-only controls. The Armenia/07 strain
titers were measured in terms of HADUjsp/mL units, and the BA71V strain titers were measured in
terms of 50% tissue culture infective dose (TCIDsg) per mL units (quantitative analysis was done
on raw data from Figure S1 of Ref. [20]). Data are presented as mean =+ standard deviation from
three independent experiments (1 = 3 per group).

These data were plotted alongside previously obtained antiviral data that evaluated
the effects of GML treatment on ASFV BA71V strain infectivity in a permissive Vero cell
model by using a cytopathic effect assay. In those experiments, 31 uM GML treatment
had a negligible effect on viral infectivity relative to the virus-only control, whereas 63,
125, and 250 uM GML treatments caused significant drops in viral infectivity of around
81.3% £ 12.7%, 97.6% + 2.5%, and 99.8% =+ 0.06%, respectively.

Collectively, the data support that GML only exhibited antiviral activity against both
ASFV strains at and above 63 uM GML concentration, which supports that GML micelles
are the main membrane-disrupting species to inhibit ASFV. This finding fits with past
biophysical studies that showed that GML only disrupts phospholipid bilayers at and
above its CMC, whereas GML monomers had a negligible effect [30,35]. Furthermore, these
findings support that GML exhibits similar levels of antiviral potency (i.e., the lowest GML
concentration at which antiviral activity occurs to a significant extent) against the virulent
ASFV Armenia/07 and the non-virulent ASFV BA71V strains, and this concentration
dependency supports that GML micelles mainly contribute to antiviral activity against
both virus strains. This latter conclusion is reinforced by two findings: (1) the concentration
onset at which antiviral activity occurs; and (2) the sharp transition between inactive and
active GML concentrations.
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While acknowledging that the antiviral tests involving ASFV Armenia/07 and ASFV
BA71V strains were conducted on different cell lines and with different assays and that a
direct comparison between antiviral tests on the two strains should not be made for this
reason, we may also briefly comment on the different degrees of viral inactivation that GML
exhibited against each strain. If we treat a 3 log drop in viral infectivity (99.9%) reduction
as a performance cutoff, then the data support that treatment of ASFV Armenia/07 with
>125 uM GML meets this performance threshold (>63 pM GML for a 99% threshold).
In addition, treatment with 250 uM GML met the 99% performance threshold for inhibiting
the ASFV BA71V strain. Across the two independent sets of experimental data, it should
be emphasized that the effect of GML on reducing ASFV infectivity in both strains is quite
high. For SVV, it has been reported that GML treatment yielded a maximum reduction
of only ~80% in in vitro experiments, yet still resulted in good in vivo performance in a
porcine model in terms of reducing clinical symptoms, viral loads, and organ damage as
well as promoting positive inflammatory responses [25]. GML exhibited a similar inhibitory
effect on PRRSV, with around 80% reduction in viral infectivity in vitro [36].

In addition to antiviral tests, we also investigated the concentration-dependent effects
of GML on PAM cell viability (Figure 3). While the envisioned antiviral applications of
GML are mainly aimed at ex vivo mitigation (e.g., in drinking water), these cell cytotoxicity
experiments were directed at confirming sufficient PAM cell viability in the presence of
GML within the tested concentration range and also at distinguishing between the effects
of GML on abiotic membranes, such as those of enveloped viruses that lack reparative
capacity as described above, vs. on biotic membranes, such as those of mammalian cells
that have reparative capacity (as previously discussed in the context of other classes of
membrane-disrupting antivirals, such as RAFIs [13,37]).
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Figure 3. Effect of GML concentration on PAM cell viability. Different GML concentrations were incu-
bated with PAM cells for 24, 48, or 72 h prior to MTT analysis. Data are expressed in terms of relative
cell viability compared to negative control (no GML) and are presented as mean =+ standard deviation
from three independent experiments (1 = 3 per group). The horizontal dashed line corresponds to a
20% cutoff drop in relative cell viability.

While ASFV infectivity decreased significantly when treated with GML at and above
its CMC, PAM cell viability remained similarly high in this GML concentration range, and
appreciable cytotoxicity (>20% drop in viability) only occurred at higher GML concentra-
tions outside the antiviral test range. After 24 h incubation, cell viability upon treatment
with 31-250 pM GML was >90% and only dropped to <80% viability at 500 uM GML.
This trend is generally consistent with past reports describing how the 50% cell cytotoxicity
values of GML against human lung fibroblasts and skin keratinocytes did not match the
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References

CMC and were in the range of ~300 uM (Ref. [38]), supporting that the effects of GML on
PAM cell viability are not CMC-dependent. Similar trends in cell viability (>80% viability
up to 250 uM GML) were observed after 48 and 72 h post-incubation. These findings
support that the CMC-dependent antiviral activity of GML to inhibit ASFV is related to
GML-micelle-induced irreparable membrane disruption of the viral envelope, while further
suggesting that GML micelles have less deleterious effects on PAM cells with reparative
membrane capacity.

4. Conclusions

In summary, the findings in this study support that GML can inhibit wild-type ASFV
strains and that the mechanism of antiviral activity depends on GML micelle formation.
While there has been recent discussion about how micelle formation may not be an absolute
prerequisite for the antiviral activity of surfactant-like molecules against enveloped viruses
in all cases and modest antiviral activity can sometimes be observed at slightly lower
concentrations below CMC (as described in the context of searching for Triton X-100
replacements [39]), the results obtained in the present study indicate that micelle formation
is a key contributing factor to the antiviral activity of GML, which is also consistent with
the membrane biophysics literature. From a translational perspective, these findings
further emphasize the importance of organizing GML into supramolecular assemblies,
whereby the effects of GML in self-assembled nanostructures are greater than the effects of
GML monomers. Above CMC, GML micelles are spontaneously formed self-assembled
nanostructures; however, they can collapse upon dilution, e.g., upon administration into an
animal or injection into a drinking water line. Thus, incorporating GML into dilution-stable
nanostructures, such as solid lipid nanoparticles [40], may represent a future opportunity
to harness its antiviral activity in additional types of supramolecular assemblies beyond
micelles and may support the use of GML in pathogen-mitigation applications across feed
and drinking water matrices.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pathogens12101193/s1, Figure S1: Antiviral activity of GML to
inhibit Armenia/07 ASFV infection of porcine macrophages in vitro at higher multiplicity of infection.
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