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ABSTRACT Oregano essential oil has long been known for its health-promoting bene-
fits. Here, we report its activity against viral replication. Oregano oil was found to specifi-
cally inhibit lentiviruses, such as human and simian immunodeficiency viruses (HIV and
SIV), irrespective of virus tropism, but not hepatitis C virus, adenovirus 5 (ADV5), Zika vi-
rus, and influenza (H1N1) virus. Oregano oil's most abundant components, carvacrol and
its isomer, thymol, were shown to block virus-target cell fusion while not perturbing
other stages of the virus life cycle. We detected changes in virus particle density, sug-
gesting that cholesterol depletion from the HIV-1 envelope membrane reduces virus
entry. Furthermore, infection was rescued by adding exogenous cholesterol. The
evolution of viral resistance to carvacrol supported this mechanism of action with
the identification of mutations in the viral gp41 fusion protein that counteracted
cholesterol depletion. In addition, resistance to carvacrol emerged later than typi-
cally observed for other clinically used drugs, strengthening its antiviral potential.
Structure-activity relationship studies revealed key motifs of carvacrol and thymol re-
quired for HIV neutralization and identified previously unknown active analogs. Car-
vacrol was also shown to additively cooperate with antiretroviral therapy. In sum,
oregano oil and improved carvacrol and thymol analogs could be considered to
supplement current HIV therapeutics.

IMPORTANCE Oregano essential oil has multiple benefits in traditional medicine,
cosmetics, and food industries. Carvacrol and its analog, thymol, are well-described com-
ponents of oregano oil. Here, we show that these compounds inhibit HIV-target cell
fusion independently of viral tropism. Our results suggest that carvacrol and thymol
alter the cholesterol content of the viral membrane, blocking HIV-1 entry into the
target cell. Resistance to carvacrol has selected for viruses with mutations in the viral
envelope glycoprotein, gp41. This protein is known for its interaction with choles-
terol present in membrane lipid rafts. Together, these results demonstrate the po-
tential of therapies targeting the viral envelope membrane, and oregano oil is a safe
supplement to antiretrovirals, potentially delaying disease progression and resistance
development.

KEYWORDS carvacrol, cholesterol depletion, oregano oil, thymol, entry inhibition,
human immunodeficiency virus, viral membrane

uman immunodeficiency virus type 1 (HIV-1) infects 36.9 million people worldwide
(1). Antiretroviral therapy (ART) against HIV-1 has immensely improved the quality
of life and life expectancy of infected individuals. However, it does not permanently
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eradicate the virus (1), since viral replication resumes upon treatment interruption.
The emergence of drug resistance to ART is also a constant concern (2); thus, novel
antiretrovirals (ARVs) are needed to address these issues.

The successful fusion of the HIV particle with the target cell membrane initiates the
HIV life cycle. The HIV envelope protein spikes are anchored on the viral membrane;
these consist of trimers of the surface glycoprotein subunit, gp120, and the associated
transmembrane subunit, gp41. Upon viral attachment to the target cell, gp120 binds
the cellular CD4 receptor and either the CXCR4 or the CCR5 coreceptor, depending on
viral tropism. This interaction promotes fusion-inducing conformational changes in
gp41, increasing the exposure of gp41 ectodomain 2 heptad repeat motifs, N-HR and
C-HR, and insertion of the fusion peptide into the cellular membrane (3-5). Conse-
quently, N-HR and C-HR fold in an antiparallel structure called a six-helix bundle, 6HB,
triggering fusion between HIV and cell membranes (3-5). Only two HIV entry inhibitors
are commercially available: maraviroc inhibits the envelope interaction with CCR5,
while enfuvirtide, a fusion inhibitor peptide, targets gp41 (6, 7). Maraviroc is tropism
dependent, while enfuvirtide is administered subcutaneously and is easily degraded;
thus, novel antiviral entry inhibitors are needed in the anti-HIV portfolio.

Natural products have always been a valuable resource for the pharmaceutical
industry, with many drugs being derived from or inspired by natural products greatly
beneficial in virtually all clinical therapeutic areas (8, 9). The World Health Organization
(WHO) has recommended the systematic testing of ethnomedicines and natural prod-
ucts against HIV due to their general safety and affordability (10). Oregano (Origanum
vulgare) is a flowering plant from the Lamiaceae family, commonly known as the mint
family of aromatic plants. Oregano grows in temperate areas of western-southwestern
Eurasia and Mediterranean regions. Essential oils are a liquid concentrate of volatile
hydrophobic chemical compounds derived from plants. Essential oils are considered
safe for humans by the United States Food and Drug Administration (FDA) and have
widespread applications in food preservation, flavoring, cosmetics, antiseptics, cleaners,
and fresheners (11, 12).

Oregano oil has long been used in traditional medicine for its properties as an
antimicrobial, anti-inflammatory, antifungal, and antioxidant (11), all while considered
safe for eukaryotic cells and for the environment. Oregano oil is rich in the monoter-
penic phenol carvacrol (also known as 5-isopropyl-2-methylphenol) and its isomeric
analog, thymol (also known as 2-isopropyl-5-methylphenol). The precise composition of
oregano oil depends on the plant’s growth conditions, origin of the extract (leaf, root,
or stem), and the extraction method (11). This natural variation in composition can lead
to variable biological properties for different oregano oil preparations.

Several ailments commonly associated with HIV infection, such as candidiasis and
cryptosporidiosis, have been shown to benefit from oregano oil treatment (13, 14).
Here, we investigated the effectiveness of oregano oil and individual, purified compo-
nents in blocking HIV-1 replication in cell lines and primary CD4" T cells. Our results
show that oregano oil potently inhibits HIV-1 cell fusion, and this activity is mainly due
to carvacrol and thymol. Our results suggest that these components alter the choles-
terol content of the viral lipid membrane, blocking fusion with the target cell. Viral
evolution to counteract oregano oil generated mutations in gp41 consistent with
oregano oil’s proposed mode of action.

RESULTS

Oregano oil, carvacrol, and thymol inhibit HIV-1 replication. HIV-1 susceptibility
to oregano oil was analyzed using a reporter cell line stably expressing the B-galacto-
sidase (LacZ) gene under the control of the HIV promoter. This reporter line responds
to the HIV-1 Tat protein expressed by the incoming virus. HeLa-CD4-LTR-LacZ cells were
infected with the NL4-3 strain in the presence of decreasing dilutions of oregano oil,
and LacZ activity was assessed 72 h later (Table 1). The inhibition of HIV replication was
shown to be dose dependent, with a 50% inhibitory concentration (IC;) dilution of
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TABLE 1 Activity of oregano oil's components against HIV-1 replication?

Journal of Virology

Oil Origin Part of the plant IC5, CCy
Dilution Dilution
Oregano Italy Leaves 300,104.3+ 54,810.0+
7021.03 84
Compounds Structure RT (min) Concentration by | Relative concentration Stock IC;, CCsy
GC-MS by GC-MS (mM) at 1/300104 (uM) (%) (M) (uM)
OH
Carvacrol \ :< 19.9 5936.8 19.8 99 16.0+£2.9 2778+93
el
19.5 296.9 1.0 299 252+49 >500.0 £ 0.0
Thymol
o, 13.7 196.9 0.7 97 89.4+36 >500.0 £+ 0.0
Linalool R e
R-Limonene 1.2 1.7 0.1 299 194.7 £ 19.4 >500.0 £ 0.0
7.8 200.8 0.7 98 461.2+68.6 >500.0 £ 0.0
a-Pinene
B-Caryophyllene 229 76.1 0.3 80 >500.0+0.0 >500.0+£0.0
1.8-Cineole >4\}; 1.3 316 0.1 99 >500.0£0.0 | >500.0 0.0
O
Para-cymene >_Q 1.1 1027.2 3.4 99 55000400 | >500.0+0.0
y-Terpinene >__< > 12.3 820.0 27 97 >500.0+0.0 >500.0 £ 0.0
Myrcene >=\i>= 10.0 181.4 0.6 95 >500.0£ 0.0 >500.0+£0.0

9HelLa-CD4-LTR-LacZ cells were infected with the HIV-1 NL4-3 strain in the presence of compounds for 72 h prior to CPRG assay. Viability assays were performed for

72 h on uninfected cells. Data are the means = SEM (n = 2).

1:300,104 = 7,021 and 50% cytotoxic concentration (CCs,) of 54,810 * 84. Oregano oil
procured from multiple companies displayed similar activity (data not shown).

Gas chromatography-mass spectrometry (GC-MS) analysis of oregano oil at a 1:100
dilution identified 10 small-molecule components (Table 1). These were tested individ-
ually, revealing the antiviral activity of FDA-approved carvacrol and thymol at an ICy,
of 16 = 2.9 uM and 25.2 = 4.9 uM, respectively. The inhibition of capsid p24 expression
in the cell supernatant by p24 enzyme-linked immunosorbent assay (ELISA) confirmed
these results (Fig. 1A and B). The integrase inhibitor raltegravir, the reverse transcriptase
inhibitor emtricitabine, and the fusion inhibitor enfuvirtide were used as positive
controls. To confirm carvacrol was the most effective antiviral agent in oregano oil
preparations, we combined oregano oil’s individual components at the concentrations
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FIG 1 Oregano oil, carvacrol, and thymol inhibit HIV-1 infection. (A and B) HIV inhibition by oregano and related compounds. HelLa-CD4-LTR-LacZ cells
were infected with HIV-1 NL4-3 in the presence of different dilutions of oregano (A) or carvacrol and thymol (B). Virus in cell supernatant was recovered
72 h later, and the level of p24 antigen was determined by sandwich ELISA. Results are means =+ standard errors of the means (SEM) (n = 4). Raltegravir
(Ralt., 200 nM), emtricitabine (Emt., 100 nM), and enfuvirtide (1 wg/ml) were used as controls. (C) Carvacrol (Carv.) is the active compound in oregano oil.
The mixtures of compounds, with or without carvacrol, present in oregano oil as determined by GC-MS, were tested for the ability to block NL4-3 infection
of HeLa-CD4-LTR-LacZ cells. Beta-galactosidase (B-gal) was measured by CPRG assay 72 h later. Results are means = SEM (n = 3). (D) Carvacrol blocks the
virus but not the target cells. Carvacrol was first incubated with TZM-bl cells for 3 h and then washed or incubated with NL4-3 and then diluted and added
to cells. Luciferase was measured 72 h later. Results are means + SEM (n = 3). ns, not significant; Pl, preincubation. (E) Activity of the compounds on HIV-1
integration. HeLa-CD4-LTR-LacZ cells were infected with NL4-3 in the presence of compounds for 19 h. DNA was extracted and provirus integration quantified
by Alu-PCR, followed by gPCR. Saquinavir (Saq., 200 nM), efavirenz (Efav., 200 nM), raltegravir (Ralt, 200 nM), and AMD3100/enfuvirtide (10 nM and 1 ug/ml,
respectively) were used as controls. Oregano was used at 1:20,000 dilution and carvacrol and thymol (Thym.) at 100 wM. Results are means * SEM (n = 6). (F)
Activity on HIV-1 integration in human primary CD4* T cells infected with NL4-3, in the presence of compounds, for 24 h. Oregano (1:40,000 dilution), carvacrol
and thymol (100 uM), enfuvirtide (1 wg/ml), and ARVs (200 nM raltegravir, 200 nM lamivudine, and 100 nM efavirenz) were used. Data are means * SEM (n = 2).
(G) Activity of compounds on HIV-1 reverse transcription products. HeLa-CD4-LTR-LacZ cells were infected with NL4-3 in the presence of compounds for 10 h.
DNA was extracted, and early and late reverse transcription products were measured by gPCR. Compound concentrations are as described for panel E. One-way
ANOVA followed by Tukey's posttest was used for statistical comparisons. **, P < 0.001; ***, P < 0.0001.
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determined by GC-MS, with or without carvacrol, and tested the antiviral activity (Fig.
1Q) of these preparations. The mixture without carvacrol was inactive, demonstrating
its requirement for activity. Moreover, the concentration of carvacrol at the oregano oil
IC5, dilution is 19.8 uM, which is similar to the IC, of carvacrol alone (16 wM). That is
not the case for thymol, which is present at a much lower level (1 uM) at oregano oil’s
IC5, dilution. Moreover, the cytotoxicity of the mixture of compounds mimicked that of
oregano oil itself (see Fig. STA in the supplemental material). The activity of thymol was
also found in red thyme oil, which is known for its higher abundance of thymol (Fig. S1B
and C), supporting results shown in Table 1. Collectively, these data demonstrate that
oregano oil, carvacrol, and thymol inhibit the HIV-1 NL4-3 strain, with carvacrol being
the main antiviral ingredient in oregano oil.

Next, we investigated whether carvacrol was active on the virus particle or on the
target cells (Fig. 1D, left). For these experiments, we use TZM-bl cells that express
luciferase under the control of the HIV long terminal repeat (LTR). As expected, the
presence of carvacrol during NL4-3 infection of TZM-bl cells for 72 h, followed by
Luciferase quantification, resulted in viral inhibition (solid bars on the left). However,
pretreatment of TZM-bl cells with carvacrol for 3 h, prior to infection without carvacrol
(hatched lines on the right), did not affect viral entry. To assess the specific activity of
carvacrol on the virus particle, we incubated the virus with 100 uM carvacrol for 3 h
(Fig. 1D, right). To eliminate most of the carvacrol after this period, the virus was diluted
to 1/100 and 1/10 prior to TZM-bl cell infection in the absence of carvacrol. The 1/100
dilution of the virus was too low to detect viral infection even with the dimethyl
sulfoxide (DMSO) control, and only the 1/10 dilution was detected. Since, in this
situation, there is a 10 uM carryover of carvacrol, as a control, we used 10 uM directly
on cells for an infection of a 1/10-diluted virus. The pretreatment of the virus with
carvacrol had a significant negative impact on infectivity, which was further reduced by
60.6% compared to infection in the presence of 10 uM carvacrol without preincubation.
Together, these results clearly suggest that carvacrol alters the infectivity of viral
particles while having a negligible impact on the cellular membrane.

Oregano oil, carvacrol, and thymol inhibit HIV-1 entry. Next, we investigated the
mode of action of the oil and its functional compounds. We first assessed whether virus
was blocked before or after integration into the host DNA. We measured the proviral
DNA integration into HeLa-CD4-LTR-LacZ cells 19 h postinfection by Alu-PCR followed
by quantitative real-time PCR (RT-qPCR) (Fig. 1E). Oregano oil, carvacrol, and thymol
significantly decreased integrated HIV compared to the untreated control or treated
with the protease inhibitor saquinavir. As expected, efavirenz (a reverse transcriptase
inhibitor), raltegravir, AMD3100 (an entry inhibitor), and enfuvirtide (a fusion inhibitor)
all inhibited the integration of HIV DNA. Results were confirmed by acute infection of
primary human CD4* T cells (Fig. 1F) without cell-associated toxicity (Fig. S2A). A
cocktail of ARVs (raltegravir, lamivudine, and efavirenz) or enfuvirtide alone was used as
a control.

Next, to determine whether reverse transcription (RT) activity was inhibited, we
monitored the production of early and late RT products by RT-qPCR at 10 h postinfec-
tion of HelLa-CD4-LTR-LacZ cells (Fig. 1G). Oregano oil (1:20,000) and carvacrol and
thymol (each at 100 uM) significantly inhibited the accumulation of early and late RT
products, similarly to the positive controls (efavirenz, AMD3100, and enfuvirtide) but
not the negative-control saquinavir. Efavirenz’'s potent activity on late RT products was
previously reported (15). These results suggest that these compounds affect either RT
activity or a step prior to that, such as HIV entry.

Comparing a compound'’s effects on a time scale to that of reference drugs provides
information on the possible target of each inhibitor (16). To discern between RT and
viral entry as the specific mechanism of action, we added oregano oil, carvacrol, or
thymol alongside entry and RT inhibitors, at different time points postinfection of
Hela-CD4-LTR-LacZ cells, and measured infectivity 72 h later (Fig. 2). Oregano oil,
carvacrol, and thymol exhibited an antiviral pattern similar to that of AMD3100, in
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FIG 2 Oregano oil, carvacrol, and thymol inhibit HIV-1 entry in time-of-drug-addition assay. HeLa-CD4-
LTR-LacZ cells were infected with NL4-3, compounds were added at the indicated times, and infection
was revealed 72 h later. AMD3100 (4 nM) and efavirenz (10 nM) were used as controls. Data are means =
SEM (n = 2).

which antiviral activity was gradually lost when the compounds were added later after
infection, when fusion with target cells had already occurred. These results suggest that
oregano oil, carvacrol, and thymol are entry inhibitors of the CXCR4-tropic (X4) NL4-3
isolate.

We next investigated their activity against viruses using the CCR5 coreceptor (R5),
such as JRCSF and YU2 isolates. HeLa-CD4-CCR5 cells were infected with these viruses,
and p24 capsid in the supernatant was monitored 72 h postinfection (Fig. 3A and B).
Oregano oil, carvacrol, and thymol significantly inhibited viral replication at concentra-
tions that did not impact cell viability (Fig. S3A and B). We also verified that the
constitutive endocytosis of the receptor CD4 and coreceptors of HIV, a mechanism that
could also explain entry inhibition, was not affected by these compounds, unlike
phorbol 12-myristate 13-acetate (PMA), which was used as a control (Fig. S3C and D).
These results suggest that oregano oil, carvacrol, and thymol inhibit HIV entry into the
target cell irrespective of the entry coreceptor.

Next, to ensure that activity is dependent upon the HIV envelope, we assessed
activity on viruses pseudotyped as being with or without the HIV-1 envelope. For this
purpose, we infected HEK293T cells in the presence of oregano oil, carvacrol, and
thymol with the NL4-3 virus pseudotyped with vesicular stomatitis virus G protein
(VSV-G) envelop or HelLa-CD4-LTR-LacZ cells with NL4-3 pseudotyped with the HIV-1
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FIG 3 Oregano oil, carvacrol, and thymol inhibit HIV-1 entry, independent of the coreceptor and
dependent on gp160. (A and B) Compound activity on R5-tropic HIV-1 replication. Cells were infected
with YU2 (A) or JRCSF (B) strain. p24 in viral supernatants was determined 72 h postinfection. Raltegravir
(100 nM), emtricitabine (100 nM), and enfuvirtide (1 pwg/ml) were used as controls. Data are means = SEM
(A, n = 4; B, n = 3). (C) Oregano oil, carvacrol, and thymol do not inhibit infection of VSV-G pseudotyped
NL4-3 infection of HEK293T cells. Results are means + SEM (n = 4). (D) Activity of the compounds on
Hela-CD4-LTR-LacZ cells infected with HXB2-pseudotyped NL4-3. Results are means = SEM (n = 4).
Oregano oil (1:40,000 dilution), carvacrol, and thymol (100 uM) were used for panels C and D. Efavirenz
(200 nM), raltegravir (200 nM), AMD3100 (10 to 20 nM), and enfuvirtide (1 ug/ml) were used as controls.
One-way ANOVA followed by a Tukey’s posttest was used for statistical comparisons. **, P < 0.001; ***,
P < 0.0001.

HXB2 envelop (Fig. 3C and D). The supernatant p24 capsid was measured 72 h later.
Oregano oil, carvacrol, or thymol inhibited HXB2 NL4-3 but not VSV-G pseudotyped
viruses. As expected, AMD3100 and enfuvirtide inhibited the entry of the HXB2 but not
the VSV-G pseudotyped viruses, while the postentry inhibitors, efavirenz and raltegravir,
decreased levels of both pseudotyped viruses. These results suggest that a functional
HIV-1 envelope is required for oregano oil, carvacrol, or thymol antiviral activity.

Oregano oil, carvacrol, and thymol block HIV fusion with the target cell. HIV
gp120 interacts directly with the cell receptor CD4. As such, we investigated whether
oregano oil, carvacrol, or thymol could block this interaction. An ELISA was performed
with recombinant gp120 coated on the plate and soluble CD4-Ig titrated in the
presence or absence of test compounds. The gp120-to-CD4-lg interaction was revealed
by the absorbance in solution (Fig. 4A). Carvacrol and thymol did not interfere with
gp120-CD4-Ig binding; however, oregano oil at 1:20,000 and 1:2,500 dilutions inhibited
the interaction by 40%. Thus, components of oregano oil other than carvacrol and
thymol, or a specific combination of other ingredients, may be responsible for oregano
oil's inhibition of gp120-CD4-Ig binding (Table 1). As expected from controls, soluble
gp120 and CD4, but not emtricitabine, inhibited the gp120-CD4-lg interaction. In
summary, the principal components of oregano oil, carvacrol, and thymol do not
interfere with the gp120-CD4 interaction.

August 2020 Volume 94 Issue 15 e00147-20

Journal of Virology

jviasm.org 7


https://jvi.asm.org

Mediouni et al.

120
(o))
£
E ° Cell-associated gp120
O = =y
S 80 o o
< o Fekk < < O o o)
0o B & € & P & @
Qe *x P e
o o
S22 0-gp120| | | -~
S & 40
20
5 o a-GAPDH
O\ % % %
O 000000 OLUUNOOLLWN ﬁl'+:_]_‘
g8 gNagetiate AxEEE
T O« T OO0 5
cos pts 52 Qow2Y
- o9 283
NN
'Oreg. Carv. Thym 2L 28
(dilution)  (uM) (M) 22 Qo
Oa
o
300001 15001 <o= BiificF
~ —e— Carvacrol
O 120 .
= ek = —e— Thymol
8 ‘g —e— Triton
g 5 g 1000+ —e— Oregano
=R 80 ?
g < =
Q .9 £
[OI7] =
2 2 500
> = 40 - -
i ] / //
: -
= P PN : = 1 2 567 8 91011121314151617181920
382 %& 032 E& Fractions collected Fractions collected
00 00
5 SIS 5 QL E Low—memme e P High Low - High
Density Densi
WT ACT-144 b

Journal of Virology

€
c
v 1.2
™
v
o
S
¥ 08
(o}
>
=
04
Q
c
ke
(72}
S 0.0
. g = = = 4
8 5 5 & E
o o o o O
< © o o =3
= o N =
o 2 E ® ©
L 8 = r 3
o © £ 2
=4
w
5150 _
c [1 Vehicle
§ ] Cholesterol 1mM
€ o
£ 100
8¢
a9
O 0
= 0
=2 50 ns
g N
N N INEN NN e 22
o SER R R RER
8 N NEINEINEEIRECISE R
~ - 9 O
ES 855535 %
5 O O 0 O v o O
C O ¥ N O N O WO
D~ - ™ F(_-*;
Oreg. Carv. Thym.X
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means * SEM (n = 4). t test was used for statistical comparison, except for panel F, where one-way ANOVA followed by a Tukey's posttest were used. *, P < 0.01;

**, P<0.001; ***, P < 0.0001.

Shedding or detachment of gp120 from gp41 on the viral membrane may explain
the block in viral entry. Thus, we investigated whether oregano oil, carvacrol, or thymol
could promote shedding of gp120 at the cell membrane. We transfected HEK293T cells
with JRCSF gp160, the precursor of gp120 and gp41, and allowed their membrane
expression. Cells then were incubated with test compounds for 4 h, and the amount of
remaining gp120 on the cell surface was detected by Western blotting with anti-gp120
serum (Fig. 4B). Except for the recombinant CD4 control, none of the compounds were
found to induce the shedding of gp120 from the cell surface. Thus, oregano oil,
carvacrol, and thymol do not promote shedding of gp120 from gp41.

We then investigated whether virus-cell fusion was inhibited by these compounds
using the beta-lactamase (BLAM) assay. This assay relies on fluorescence emission upon
the enzymatic cleavage of CCF2 dye by the B-lactamase Vpr fusion (BLAM-Vpr), which
is transferred into the target cell after virus fusion (17) (Fig. 4C). HXB2 NL4-3 BLAM-Vpr
pseudotyped virus was allowed to attach to the membrane of TZM-bl cells for 30 min.
Cells were then incubated with test compounds for 90 min, before cell lysis, and
wavelength measurement was performed at 460 nm for cleaved and 535 nm for
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uncleaved dye. Oregano oil, carvacrol, and thymol, as well as the fusion inhibitor
enfuvirtide, significantly decreased the ratio of absorbance at 460 nm versus 535 nm,
reflecting viral entry inhibition. As expected, the negative control, raltegravir, did not.
Interestingly, an HIV isolate presenting a gp41 stop codon (ACytoplasmic Tail-144,
ACT-144) (18) was not inhibited by oregano oil, carvacrol, and thymol (Fig. 4D). These
data suggest that the activity of these compounds is dependent on virus-cell fusion and
requires the CT of gp41. Although the function of the gp41 CT is not fully understood,
it is well-established that it is required for HIV-1 envelope incorporation into virions (19,
20) and plays a role in regulating envelope fusogenicity (21).

The impairment of virus-cell fusion has also been linked to the modification of the
buoyant density of the virus (22). As such, we incubated oregano oil, carvacrol, and
thymol with NL4-3 virus for 6 h and then loaded the samples onto a 19.6% to 60%
continuous sucrose-density gradient, followed by ultracentrifugation. A total of 22
fractions were collected, and the virus in fractions was determined by p24 ELISA (Fig.
4E). Virus was enriched in fraction 10 of the untreated control; however, exposure to
oregano oil (1:10,000) and to carvacrol and thymol (200 M) shifted virus to higher
buoyant densities (fractions 12 and 11, respectively). As expected, Triton X-100, which
disrupts the HIV-1T membrane, promoted virus accumulation at the top of the gradient.
In summary, oregano oil, carvacrol, and thymol inhibit HIV fusion, seemingly by altering
the viral membrane composition and increasing virion density.

It has been reported that cholesterol removal from virion membranes increases their
buoyant density, leading to the loss of HIV-1 infectivity. Furthermore, adding exoge-
nous cholesterol rescues viral infection (23). Thus, we investigated the effects of
oregano oil, carvacrol, or thymol during the infection of HeLa-CD4-LTR-LacZ cells with
NL4-3 in the presence of exogenous soluble cholesterol (Fig. 4F). HIV infection was
rescued when cholesterol was added in the presence of oregano oil, carvacrol, and
thymol but not with raltegravir, which was used as a control. Altogether, these results
suggest that oregano oil, carvacrol, and thymol specifically inhibit HIV-cell fusion by
stripping cholesterol from the HIV membrane or by binding to it, impairing viral fusion.
The need for cholesterol during virus-cell fusion also seems to be dependent on the
cytoplasmic tail of gp41.

Viral resistance studies identify mutations in gp41. Viruses resistant to the most
abundant compound in oregano oil, carvacrol, were obtained by passaging the viral
isolate NL4-3 every week onto naive Hela-CD4 cells in the presence of increasing
concentrations of carvacrol. Resistance developed slowly over a 7-month period, and
resistant viruses presented 3 novel variations in the envelope glycoproteins: (i) a
single-point silent mutation at residue 294 in gp120 protein; (ii) a mutation, Ala578Thr,
in the pocket-forming domain (PFD) in the N-terminal heptad repeat (NHR) domain of
gp41; and (iii) a mutation, Ala839Thr, in the cytoplasmic tail domain of gp41 (Fig. 5A
and B). The coding mutations were introduced individually or in combination in NL4-3
and tested in HIV replication assays in the presence of carvacrol (Fig. 5C). The single
mutation Ala578Thr and the double mutant viruses showed resistance to carvacrol
compared to the wild-type (WT) virus, with the double mutation conferring the highest
resistance.

To further characterize these resistant viruses, we measured HIV p24 capsid in the
supernatant, HIV mRNA expression, and the level of integrated HIV DNA after infection
of TZM-bl cells with identical amounts of virus without carvacrol. As shown in Fig. 6A,
viruses A578T and Ala578Thr+Ala839Thr showed a significant 6- to 7-fold increase in
p24 capsid release compared to that of the WT. Virus with single Ala839Thr mutation
replicated similarly to the WT. HIV mRNA production (primers to nef region, env gene,
and gag/pol genes) (Fig. 6B) as well as the integrated HIV DNA (Fig. 6C) confirmed this
increase of viral replication. Upon infection of TZM-bl cells with WT NL4-3 or the
different resistant viruses, we did not observe differences in gp120 and gp41 expression
in the gp120/p24 capsid protein ratio (data not shown).
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To verify that this increase of virus fitness is due to a preintegration event, we
measured viral integration by Alu-gPCR after 19 h of infection to avoid novel infection
rounds. We observed a significant increase of integrated viral DNA with the Ala578Thr
virus and the double mutated virus, suggesting an enhancement of preintegration
events, namely, entry and fusion.

To assess if these viruses are less sensitive to cholesterol depletion, we treated
TZM-bl cells with methyl-B-cyclodextrin (M-BCD), followed by infection with WT NL4-3
or resistant viruses, at a nontoxic M-BCD concentration (Fig. S4). Luminescence was
measured 72 h later (Fig. 6E). A significant increase in viral replication compared to that
of the WT was observed with Ala578Thr+Ala839Thr, while a nonsignificant but obvious
increase was observed with the single mutant viruses. We also verified that these
viruses were still inhibited by enfuvirtide (Fig. 6F).

Collectively, the evolution of viruses resistant to carvacrol supported inhibition of
fusion as carvacrol’s mechanism of action against HIV, with the introduction of muta-
tions in gp41 residues 578 and 839 that seem to regulate fusion events of clade B
viruses.

Oregano oil, carvacrol, and thymol do not affect HIV postintegration stages.
We also investigated the ability of these compounds to inhibit late-stage events in the
HIV cycle. First, we studied the effects on HIV transcription. For these studies, oregano
oil, carvacrol, and thymol were incubated with chronically infected HeLa CD4-LTR-LacZ
cells (24) for 72 h (Fig. 7A). Apart from the Tat inhibitor didehydro-cortistatin A (dCA)
(24), used as positive control, none of the compounds inhibited HIV replication. To
confirm this result, we monitored HIV transcription triggered by the viral transactivator
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Tat in TZM-bl cells (Fig. 7B). While Tat mutated in its basic domain, used as a negative
control, did not activate transcription, none of the tested compounds interfered with
HIV Tat-mediated transcription. ACH2 cells contain a provirus with a mutation in TAR
that blocks Tat binding. We also confirmed that these compounds, including the
negative-control efavirenz, did not affect Tat-independent basal transcription (Fig. 7C
and D), unlike the positive-control flavopiridol (CDK9 inhibitor). We also performed a
stimulation of the cells with the histone deacetylase inhibitor SAHA, but no inhibition
was observed. Collectively, these data suggest that oregano oil, carvacrol, and thymol
do not inhibit HIV transcription.

Next, we studied Gag maturation and viral assembly by incubating compounds with
HEK293T cells transfected with NL4-3 plasmid for 72 h (Fig. 7E). The supernatant
containing virus was recovered and used to infect the HelLa-CD4-LTR-luciferase pro-
moter, and luminescence was measured 72 h later. In parallel, HEK293T cell lysates were
analyzed by Western blotting with anti-p24 antibody. In the second-round infection
assay as well as in the Gag protein maturation and assembly, oregano oil (1:40,000) and
carvacrol and thymol (100 uM) performed similarly to raltegravir or the untreated
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FIG 7 Oregano oil, carvacrol, and thymol do not affect late-stage HIV-1 infection. (A) Compounds and oil do not inhibit transcription of HeLa-CD4-LTR-LacZ cells
chronically infected with NL4-3. Didehydro-cortistatin A (dCA; 100 nM) was used as a control. Results are means * SEM (n = 2). (B) Compounds and oil do not
inhibit Tat transactivation in TZM-bl cells. Tat mutated in the basic domain, Tat Mut, was used as a control. Data are the means + SEM (n = 2). RLU, relative
light units. (C) Schematic describing TAR mutation in ACH2 cells. (D) Compounds and oil do not inhibit SAHA (1 uwM) reactivation of ACH2 cells. Flavopyridol
(Flav., 100 nM) and efavirenz (100 nM) were used as controls. Results are means = SEM (n = 4). (E) Compounds and oil do not affect maturation and assembly
of the HIV-1 capsid. HEK293T cells were transfected with NL4-3 in the presence of compounds. After 72 h, the supernatant was collected and used to infect
Hela-CD4 cells expressing the luciferase gene under the control of the HIV promoter for another 72 h. Cells then were lysed and luciferase normalized to total
protein. (F) Cell lysates from the first incubation in HEK293T cells from panel E were analyzed by Western blotting with anti-p24 antibody. Results are means
+ SEM (n = 3) (E) and are representative of n = 3 experiments (F). Oregano (1:40,000 dilution), carvacrol, and thymol (100 uM) are shown in panels A, D, E, and
F. Raltegravir (100 nM) and saquinavir (300 nM) were used. One-way ANOVA followed by Tukey's posttest were used for statistical comparisons. **, P < 0.001;
*** P <0.0001.

control, while, as expected, the protease inhibitor saquinavir affected the maturation
process (Fig. 7E). Taken together, these results demonstrate that oregano oil and its
principal components impact the HIV entry without disturbing the late-stage events.

The activity of oregano oil, carvacrol, and thymol on viruses from multiple
families. Carvacrol and thymol were previously reported to have inhibitory activity
against several viruses, with various efficacies and therapeutic indices (25-27). We
evaluated the activity of carvacrol, thymol, and oregano oil on viral replication of
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FIG 8 Oregano oil, carvacrol, and thymol have no effect on HCV, ADV5, ZIKA, and HT1N1. (A) Activity of the compounds and oil on
SIV-infected primary rhesus macaque cells 6 days posttreatment. Virus replication was measured by integrated DNA content. Oregano
(1:40,000 dilution), carvacrol (100 wM), and thymol (100 M) were used. ARVs (raltegravir, emtracitabine, and tenofovir, 200 nM) were
used. Results are means = SEM (n = 2). (B) Compounds and oil do not inhibit HCV infection in Huh 7.5 cells. 2’-C-methyladenosine
(2’-C-methyl., 10 uM) was used as a control. Oregano (1:40,000 dilution) and carvacrol and thymol (50 M) were used. Data are
means * SEM (n = 2). (C) Compounds and oil did not affect HIN1 infection of HeLa-CD4-LTR-LacZ cells. Aleuria Aurantia lectin (AAL;
100 nM) and raltegravir (100 nM) were used as controls. Data are means = SEM (n = 10). (D) Compounds and oil did not affect ZIKV
Brazil infection of HeLa-CD4-LTR-LacZ cells. Cabozantinib (Caboz., 1 uM) and raltegravir (100 nM) were used as controls. Data are
means *= SEM (n = 8). (E) No activity on ADV5 virus infection of HelLa-CD4-LTR-LacZ cells. Heat-inactivated virus (H.l.) and
raltegravir (100 nM) were used as controls. Data are means = SEM (n = 8). Oregano (1:20,000 dilution), carvacrol, and thymol
(100 wM) were used in panels C, D, and E. One-way ANOVA followed by Tukey’s posttest were used for statistical comparisons.
***, P <0.0001.

numerous viruses, such as simian immunodeficiency virus (SIV), hepatitis C virus (HCV),
influenza A virus subtype H1N1, Zika virus (ZIKV) PB81 (Brazil strain), and adenovirus 5
(ADVS5) (Fig. 8). Oregano oil, carvacrol, and thymol significantly inhibited SIV,,,.239 rep-
lication in primary rhesus macaque CD4™* T cells isolated from 3 independent macaques
after a 6-day infection period (Fig. 8A). A cocktail of ARVs (raltegravir, emtricitabine, and
tenofovir) was used as a control. We verified that these concentrations of compounds
were not toxic for primary rhesus macaque CD4* T cells (Fig. S5). We then evaluated
their activity on Huh 7.5 cells infected with HCV and HelLa CD4-LTR-LacZ cells infected
either with H1N1, ZIKV Brazil, or ADV5. Oregano oil, carvacrol, and thymol did not
inhibit the replication of any of these viruses (Fig. 8B to E). 2’-C-methyladenosine (an
inhibitor of RNA-dependent RNA polymerase), Aleuria aurantia lectin (binds to the
influenza envelope hemagglutinin glycoprotein blocking HIN1 entry), carbozantinib (a
tyrosine-kinase inhibitor known to block the activity of AXL, one of ZIKA's main entry
factors, expressed at the surface of HeLa-CD4 cells), and inactivated virus were used as
positive controls for HCV, HIN1, ZIKV, and ADV5, respectively. Together, these results
show the specificity of the activity of oregano oil, carvacrol, and thymol to HIV and SIV
infections.
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Structure-function relationships of carvacrol. The metabolisms of carvacrol and
thymol have been studied in rats, and both of these phenolic compounds, as expected,
form sulfate or glucuronide conjugates, which are rapidly excreted in urine, along with
unconjugated material (28). The oxidation of the methyl and isopropyl groups to
hydroxyl- and carboxylate-containing metabolites was also noted. We wished to de-
termine if analogs of carvacrol and, in particular, analogs that are expected to be more
metabolically stable match or exceed its ability to prevent HIV entry.

We tested a series of analogs for their ability to inhibit NL4-3 replication in
HelLa-CD4-LTR-LacZ cells (Table 2). Results show the importance of the presence and
positioning of the OH, Me, and i-Pr groups (or possible replacements) with respect to
HIV entry inhibition. While we did not identify analogs of carvacrol with significantly
increased potency, the CCy, (and, thus, the therapeutic index) was improved for one
analog (SR-22684) (Fig. 9). We have not evaluated the metabolism of this compound,
although it lacks two of carvacrol’s sites of metabolism (the OH and i-Pr groups), while
a third site (the methyl group) is more sterically encumbered. Molecular weight,
hydrophobicity, and topological polar surface area all are increased for this compound,
though not outside ranges normally desired for in vivo active compounds. High
hydrophobicity is likely required for association with cholesterol, which is also hydro-
phobic.

Carvacrol with anti-HIV drug cocktails. We assessed the activity of carvacrol in
combination with two different cocktails of ART (Fig. 10): ETM (efavirenz, tenofovir,
emtricitabine; ATRIPLA) and EAL (AZT, lamivudine and efavirenz; Combivir and Sustiva).
In both cases, an additive activity is observed when carvacrol is mixed with these
cocktails, rationalizing its use or the use of an improved carvacrol analog to comple-
ment current ART.

DISCUSSION

Essential oils are safe and inexpensive and have been widely used within the
pharmaceutical, cosmetic, and food industries. The FDA-approved formulation of oreg-
ano oil (from Origanum vulgare) has been of particular interest for its antibacterial and
food-flavoring properties. Here, we describe a novel activity for oregano oil as an
inhibitor of HIV replication and characterize its mechanism of action. Our results
suggest that oregano oil acts by reducing cholesterol from the viral membrane (Fig. 4E
and F). We observed a reduction in the buoyancy of virus treated with oregano oil,
carvacrol, or thymol, suggesting cholesterol depletion (Fig. 4E), and a rescue of the
infection when cholesterol was exogenously added back (Fig. 4F). Thus, oregano oil,
carvacrol, or thymol blocks viral fusion with the target cell (Fig. 4C) through a mech-
anism that depends on the viral transmembrane gp41 protein (Fig. 4D, 5, and 6). This
activity is independent of the virus tropism, as it blocks R5 or X4 viral isolates (Fig. 1 and
3). The antiviral properties of oregano oil have been attributed to two small molecules,
carvacrol and thymol, with carvacrol generally being the more abundant component in
oregano oil (Table 1 and Fig. 1A to C). Carvacrol and thymol have been shown to be
active against a series of viruses (25-27), especially during pretreatment; however, to
our knowledge, they had never been investigated against HIV or SIV.

Cholesterol is a major constituent of the HIV-1 envelope membrane bilayer (23,
29-31), important for virus stability and fusion efficacy (23, 29). In nonprogressor
HIV-infected individuals, it was demonstrated that alterations in cholesterol metabolism
in their antigen-presenting cells limited the transfer of HIV-1 to their CD4 helper T cells,
reducing infection (32). The role of cholesterol during HIV-1 entry was highlighted using
M-BCD-induced cholesterol depletion, which increased virion density and inhibited HIV
replication (23). The cholesterol:phospholipid molar ratio of the viral membrane is
about 2.5 times higher than that of the host cell membrane, and this composition is
needed for proper fusion by gp120/gp41 envelope trimers (31). In agreement with this,
the cholesterol depletion by oregano oil, carvacrol, or thymol blocked virus fusion to
cells (Fig. 4C) while not affecting cell-to-cell fusion (data not shown). We also did not
observe oregano oil, carvacrol, or thymol inhibition of VSV-G pseudotyped virus
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TABLE 2 Activity of carvacrol’s analogs against HIV-1 infection®
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FIG 9 Structure of carvacrol and SR-22684.

(Fig. 3C), consistent with reports that the infectivity of VSV-G entry is less sensitive to
cholesterol depletion than HIV envelope-mediated fusion (33). Furthermore, exogenous
cholesterol replenishment rescued viral infectivity after oregano, carvacrol, and thymol
treatment (Fig. 4F). Carvacrol has been shown to alter cholesterol and sterol content in
fungus and bacteria. Carvacrol interaction with ergosterol present in the fungal cell
membranes leads to fungal membrane permeability and growth inhibition (12, 34).
Similarly, carvacrol causes bacterial membrane permeability (35).

The dependence on cholesterol for viral entry has been shown for enveloped
viruses, such as HCV and influenza (36-38). A specific role played by cholesterol in
flavivirus Zika virus replication has not yet been reported. However, flaviviruses are
known to be sensitive to the host membrane cholesterol content (39, 40). We did not
observe any activity of oregano oil, carvacrol, or thymol on HCV, influenza, or Zika virus.
We speculate that the compound activity is not only linked to cholesterol depletion but
also dependent on specific immunodeficiency virus envelope membrane proteins,

-
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FIG 10 Activity of carvacrol in combination with two cocktails of ARVs used in the clinic. HeLa-CD4-LTR-
LacZ cells were infected with HIV-1 NL4-3 in the presence of different amounts of carvacrol or the
indicated antiretrovirals (EAL, efavirenz, AZT, and lamivudine; ETM, efavirenz, tenofovir, and emtracit-
abine). B-Gal activity was measured 72 h later. Results represent the means = SEM (n = 3). One-way
ANOVA followed by Tukey’s posttest were used for statistical comparisons. *, P < 0.01; **, P < 0.001; ***,
P < 0.0001.
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emphasized by the appearance of resistance mutations in gp41 protein (Fig. 5 and 6),
the inhibition of SIV replication (Fig. 8A), and the loss of inhibition of VSV-G pseu-
dotyped viruses (Fig. 3C). Future studies will investigate the direct binding of carvacrol
to different envelope proteins from multiple viruses. The importance of the envelope
cholesterol is not relevant for nonenveloped viruses, such as ADV5.

The gp41 CT domain is a complex region of about 150 residues, with several
regions forming alpha helices that interact with lipid bilayers. It also contains
palmitoylated cysteine residues required for envelope association with lipid rafts,
which are discrete microdomains enriched in sphingolipids, and cholesterol re-
quired for efficient viral fusion (41). The truncation of this region and the interaction
with cholesterol could explain the inability of oregano oil, carvacrol, and thymol to
inhibit ACT-144 virus replication (Fig. 4D). The truncation of the gp41 CT also affects
the conformation of the gp41 ectodomain (42) as well as gp120 (43), destabilizing
the 6-helix bundle and affecting the fusion process (44, 45). We speculate that,
similar to M-BCD (18), oregano oil depletion of virion membrane cholesterol blocks
conformational changes or decreases the mobility of env, necessary for virus-cell
fusion, a process that is independent of coreceptor usage. Future work will study
the direct interaction of the compound with HIV cholesterol and conformational
changes of the envelope protein.

Viruses growing in increasing concentrations of carvacrol developed a 2.8- to
6.6-fold resistance to carvacrol. These viruses appeared after a 7-month period,
which is longer than the few weeks’ time observed for resistance development for
commercially available ARVs (2). We identified mutations in residues Ala578Thr and
Ala839Thr in the PFD and CT domains of gp41, respectively (Fig. 5A). Together,
these two mutations increased viral replication by 4- to 5-fold (Fig. 6A and B), likely
by facilitating viral entry, since we observed a 3-fold increase in integration (Fig. 6C
and D) and an improved ability to infect during cholesterol depletion (Fig. 6E). The
implication of these specific residues in HIV fusion has not been previously re-
ported. However, the structure of the trimeric HIV envelope SOSIP.664 (5) shows
Ala578, along with 3 other residues of the PFD in gp41 protein, associating with
gp120. Nevertheless, when the cytoplasmic tail is missing (4), residue Ala578 is no
longer needed for gp120 interaction. Similarly, carvacrol does not inhibit ACT-144
virus (Fig. 4D). Some HIV-1 strains, such as CRF07, frequently found in Asian
countries, contain the Thr578Ala variation. The comparison of the crystal structure
of the core region of CRFO7 gp41 to clade B gp41 showed that three mutations,
Thr578Ala, Lys633Arg, and Leu646lle, abolished fusion, further supporting a critical
role for residue 578 in the fusion process (46). On the other hand, these results
suggest that carvacrol is less potent against certain HIV-1 Asian strains. It has been
reported that a conserved sequence of gp41, 67°LWYIK®83, binds cholesterol and
that mutations in this domain inhibit HIV infectivity. However, we did not identify
variations that improve or reduce affinity for cholesterol in this region (47).

The activity of carvacrol was assessed in combination with two different cocktails
of ART (Fig. 10). In both cases, an additive activity was observed with carvacrol. Of
note, the concentration of carvacrol used in our experiments is lower than amounts
considered toxic for animals (48). Carvacrol has, however, low bioavailability and is
highly metabolized in vivo; thus, further work is needed to improve delivery and to
achieve a lasting concentration of the active species. We have shown that carvacrol
analogs, such as SR-22684 (Table 2 and Fig. 9), retain the activity of the natural
product, although the bioavailability of such analogs has not yet been evaluated.

In summary, our results show that oregano oil, carvacrol, and thymol are inhibitors
of HIV-1 entry. The HIV-1 glycoproteins associate with cholesterol at their envelope
membranes to facilitate the interaction with the cellular membranes. Our results
support a mechanism of action in which oregano oil, carvacrol, and thymol deplete
cholesterol from the viral membrane, blocking viral fusion. The evolution of viral
resistance to these molecules supports this mechanism of action, with the appearance
of mutations in gp41 that we suspect improves viral fusion in the absence of choles-
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terol. We propose that gp41 residue 578 and/or 839 be considered in the design of
future anti-gp41 drugs. In a general manner, these compounds have been found safe
for human use by the FDA, and they are inexpensive, easy to synthesize, and can be
formulated as tablets, liquids, or films. They also display additional properties that
would benefit HIV-1-infected individuals on ART, such as antihyperlipidemia, candidi-
asis, and cryptosporidiosis (13, 14, 49-51). Interestingly, carvacrol and thymol have also
been used to enhance the transdermal transport of AZT (52). Oregano oil, and perhaps
carvacrol and thymol synthetic analogs, may offer promise as supplements to current
HIV therapeutic strategies.

MATERIALS AND METHODS

Multiple-round infection. HeLa-CD4-LTR-LacZ cells or TZM-bl cells were infected overnight (O/N) with
wild-type NL4-3, NL4-3 pseudotyped with the HXB2 envelop, viruses resistant to carvacrol, or ACT-144 (gift
from E. O. Freed) in the presence of increasing concentrations of testing compounds or control drugs. Cells
were washed, and fresh medium containing compounds was added for 72 h. HIV-1 replication was assessed
by measuring the viral capsid in the supernatant with p24 enzyme-linked immunosorbent assay (ELISA) from
Advanced Bioscience Laboratories. The infection of HeLa-CD4-LTR-LacZ cells with NL4-3 was also monitored
by measuring reporter B-galactosidase production using the chlorophenol red-B-p-galactopyranoside (CPRG)
assay, as previously described (53). Water-soluble cholesterol (number C4951; Sigma) was used for the
cholesterol rescue experiment. In TZM-bl cells, viral replication was assessed by measuring viral mRNA
expression, as previously described (53), or by luminescence using Bright-Glo by following the manufacturer’s
recommendations. The same protocol was used for Ghost/TZM-bl cell infection with JRCSF or YU2. In primary
human and rhesus macaque CD4* T cells, viral replication of HIV-1 and SIV was performed as previously
described (54). To assess the activity of carvacrol on the virus, carvacrol was incubated with NL4-3 for 3 h. The
mixture then was diluted 1/10 and incubated with TZM-bl cells in the absence of carvacrol. Similarly, to assess
effects on cells, carvacrol was incubated with TZM-bl cells for 3 h and washed, and virus then was added to
cells without carvacrol. Luciferase was measured 72 h later using Bright-Glo by following the manufacturer’s
recommendations.

Single-round infection. HelLa-CD4-LTR-LacZ cells were infected O/N with VSV-G-NL4-3 pseudotyped
virus in the presence of oregano oil, carvacrol, thymol, or controls. Cells were washed, and fresh medium
containing compounds was added for 72 h. p24 capsid in the supernatant was assessed by p24 ELISA.

Transactivation assay in HeLa-CD4-LTR-Luciferase cells. TZM-bl cells were plated at 3 X 106 in a
10-cm? culture dish and transfected with 5 ug of the constructs expressing Tat (PGK-Flag-Tat) and Tat
Mut (PGK-Flag-Tat Mut), driven by the murine phosphoglycerate kinase-1 (PGK) promoter, using Trans|T-
LT1 transfection reagent (Mirus Bio LLC) according to the manufacturer’s instructions. Cells were split 24
h posttransfection and treated with compounds at different concentrations. Luciferase activity per total
protein concentration of each sample was determined 48 h later.

Quantification of early/reverse transcription product and provirus integration. HelLa-CD4-LTR-
LacZ cells were plated at 1 X 10° cells per well in a six-well plate. Twenty-four hours later, cells were
infected with NL4-3 virus in the presence of DMSO, oregano oil, carvacrol, thymol, or controls. At 10 and
19 h postinfection, genomic DNAs (JDNAs) were prepared using a DNeasy blood and tissue kit (Qiagen)
according to the manufacturer’s protocol and subjected to quantitative PCR (QPCR) using Sensifast Sybr
mix (Bioline). The early and late viral DNA products and the integrated proviruses were quantified as
previously described (54).

Time-of-drug-addition assay. HeLa-CD4-LTR-LacZ cells were plated at 5 X 103 in a 96-well plate and
infected with NL4-3. Oregano oil and its related compounds, AMD3100 (4 nM) and efavirenz (10 nM),
were added to the wells at different time points postinfection. The infection was allowed to proceed for
72 h. A CPRG assay was used to quantify viral replication.

gp120-CD4 interaction by ELISA. The ELISA for gp120-CD4 interaction was performed as previously
described (54).

Endocytosis of CD4 and CXCR4 in HeLa-CD4-LTR-LacZ cells revealed by flow cytometry. Cells
were plated at 5 X 10°% in a 6-well plate. The next day, compounds were added and cells were collected at
different time points for CD4 and CXCR4 expression analysis or 6 h later for CCR5. Cells were stained with
phycoerythrin (PE)/Cy7 anti-human CD184 (for CXCR4; BioLegend), PE anti-human CD4 (BioLegend), PE
anti-human CD195 (for CCR5; BioLegend), or PE Rat IgG2b (PE control; BioLegend) and fixed with 2%
formaldehyde in phosphate-buffered saline (PBS). Cells were analyzed on an LSRIl flow cytometer (BD
Bioscience).

Shedding of gp120. HEK293T cells were transfected with the constructs JRCSF gp160Atail (1.5 ug)
and pCMV Rev (0.5 ng) (gifts from M. Farzan) for 48 h with TransIT-2020 transfection reagent (Mirus Bio
LLC) per the manufacturer’s protocol. JRCSF gp160Atail was used, since it was shown to yield higher
envelope trimer expression (55). Buffer, CD4-lg (45 ug; gift from M. Farzan), oregano oil, carvacrol, or
thymol was incubated with cells for 4 h. Cells then were washed several times with PBS-10 mM EDTA and
lysed with radioimmunoprecipitation assay (RIPA) buffer supplemented with a cocktail of protease
inhibitors (Roche). Protein concentration was determined by Bradford assay, and samples were analyzed
by Western blotting with gp120 serum at 1:400 dilution (gift from M. Farzan).

Latently and chronically infected cells. Chronically infected HelLa-CD4-LTR-LacZ cells (2.5 X 10°
cells per well in a 6-well plate) and ACH2 cells (5 X 10° cells per well in a 6-well plate) were treated with
compounds for 72 h, and p24 capsid in the supernatant was assessed by p24 ELISA. Cells were treated
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with oregano oil, carvacrol, thymol, dCA, efavirenz, or flavopiridol. ACH2 cells were also incubated with
compounds in the presence of SAHA for 24 h.

Assessment of the maturation and assembly of the capsid by Western blotting. HEK293T cells
were transfected with the NL4-3 strain (12.5 ng) with TransIT-2020 transfection reagent (Mirus Bio LLC)
per the manufacturer’s protocol. Six hours later, cells were washed, trypsinized, and split between the
conditions to be tested. Cells were treated with control buffer, oregano oil, thymol, carvacrol, raltegravir,
or saquinavir and incubated at 37°C for 72 h. Cells then were lysed with RIPA buffer supplemented with
a cocktail of protease inhibitors (Roche) and analyzed by Western blotting with anti-p24 antibody (AIDS
Reagent) at a 1:2,500 dilution. Anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody at a
1:1,500 dilution was used as a loading control.

HCV virus infectivity assessment by IHC and infection of HeLa-CD4-LTR-LacZ cells. HCV virus
infectivity (titer) assessment by immunohistochemistry (IHC) and infection of HelLa-CD4-LTR-LacZ cells
with ZIKV Brazil, HIN1 2009, and AdV5 were performed as previously described (54).

BLAM assay. HIV-1 pseudoviruses were added to cells and centrifuged at 2,095 X g at 4°C for 30 min
to facilitate virus attachment to cells. Cells then were incubated with the compounds at 37°C for 90 min.
The medium then was removed and CCF2 BLAM substrate was added. The plates were incubated at 12°C
O/N to allow CCF2 cleavage by BLAM. The fluorescence intensity was measured by using a plate reader
with excitation at 400 nm and emissions at 460 and 535 nm for the blue and green signals of the
substrate, respectively. The fusion signal was calculated and expressed as a ratio of blue and green
signals after subtracting the blank fluorescence signal from wells with substrate but without virus, using
the following equation: fusion = (F,so — Fas0 plank)(Fsas — Fs3s plank)-

Density of HIV using continuous sucrose-density equilibrium gradient. Oregano oil, carvacrol,
and thymol were incubated with NL4-3 virus for 6 h and then loaded on a 19.6% to 60% continuous
sucrose-density equilibrium gradient, followed by ultracentrifugation. Several fractions were collected,
and the virus present in these fractions was determined by p24 ELISA according to the manufacturer’s
recommendations.

Measurement of compound and oil toxicity. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) assay (ATCC) or CellTiter-Glo luminescent cell viability (Promega) was performed in the
presence of increasing concentrations of compounds according to the manufacturer’s protocol.

Statistical analysis. P values were calculated using one-way analysis of variance (ANOVA) followed
by a Tukey’s or Newman-Keuls post hoc test. The two-tailed paired t test was used when required. P
values of <0.05 were considered statistically significant. Statistical analysis was performed using Graph-
Pad Prism software (San Diego, CA, USA).

Acquisition or synthesis of analogs. All compounds shown in Table 2 are commercially available,
except for SR-22576 and SR-22684. These two compounds were made from commercial 2-methyl-5-(t-
butyl)aniline by acylation with benzoyl chloride and o-trimethylbenzoyl chloride, respectively.
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