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Abstract

Emtricitabine (FTC) is an antiviral medication designed to diminish the presence of HIV in the body, thereby impeding or preventing harm to
the immune system and the onset of AIDS-related illnesses. The precise mechanisms underlying emtricitabine's inhibition of HIV-1 replication
in pre-exposure prophylaxis (PrEP) are not fully comprehended. This investigation delves into the impact of emtricitabine treatments in
vitro, utilizing the susceptible Jurkat cell line. Employing a sensitive real-time PCR assay and Western blotting analysis, we observed that
emtricitabine pre-treatment effectively impedes HIV-1 replication. Additionally, when the treatment is discontinued, viral replication is
reactivated through the recruitment of host transcription factors, such as NF-kB p65, NFAT, Ap-1, and Sp-1. Both pre-treatment and post-
treatment with emtricitabine demonstrated the ability to reduce HIV production through various cellular signaling pathways. These include
the attenuation of TCR-related, PI3K, and MAPK-mediated pathways, the downregulation of p-TEFb pathways responsible for transcription
elongation, the obstruction of TLR signaling pathways affecting the hostimmune response, and the inhibition of Jak-Stat pathways associated
with viral enhancement. Discontinuation of emtricitabine treatments reactivated HIV-1 replication by upregulating these cellular signaling
pathways. The data strongly suggest that long-term PrEP offers continuous protection against HIV, presenting itself as a viable option for
individuals consistently at high risk of infection. This ensures a steadfast and dependable form of protection.
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Introduction

Humanimmunodeficiency virus type 1 (HIV-1) is the causative
agent of acquired immunodeficiency syndrome (AIDS), the
advanced stage of HIV infection characterized by severe
immune system damage, rendering individuals susceptible
to opportunistic infections and specific cancers. Since the
onset of the epidemic, approximately 85.6 million individuals
have contracted the HIV virus, and approximately 40.4 million
people have lost their lives due to HIV-related complications
[1]. Globally, as of the conclusion of 2022, an estimated 39.0
million people were living with HIV [1]. According to existing
literature, the anticipated ten and twelve-year survival
probabilities following HIV diagnosis leading to AIDS onset are
26% and 19%, respectively [2].

Antiretroviral therapy (ART) stands as the established
treatment for HIV, with the primary goal of impeding virus
progression and managing associated symptoms. Among
those with AIDS who receive ART, a 61% survival rate is
expected over ten years following the development of AIDS,
while those without ART have an anticipated survival rate of
18% over six years after AIDS onset [2].

HIV-1 infection and replication involve intricate interactions
with various cellular signaling pathways within host
immune cells, particularly CD4* T lymphocytes (T cells)
and macrophages [3]. The HIV-1 long terminal repeat (LTR)
encompasses diverse consensus sequences, including NF-«kB
(nuclear factor kB), NFAT (nuclear factor of activated T cells),
Ap-1 (activator protein 1), and Sp-1 (specificity protein 1).
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These host transcription factors are crucial for HIV-1 replication
[4]. The binding of HIV-1 to CD4 on the surface of CD4* T cells
can initiate intracellular signaling events, often activating the
T cell receptor (TCR) signaling pathways [5], including TCRa/f3
[6], CD3 [5], CD8 [5], PI3K/Akt [7], and/or MAPKs (p38 and Erk)
[8,9]-mediated pathways, which plays pivotal role in both
T cell activation and HIV-1 replication. Additionally, the HIV-
1 protein Tat (trans-activator of transcription) plays a crucial
role in viral transcription by interacting with host cellular
factors, including Cyclin T1 and CDK9, to facilitate efficient
transcription from the viral promoter in the HIV-1 LTR [3].

Pre-exposure prophylaxis (PrEP) stands as a preventive
strategy to reduce the risk of HIV-1 infection among individuals
at high risk of exposure to the virus. PrEP involves the
proactive use of medication before potential exposure occurs
[10]. The primary medication for PrEP typically combines two
antiretroviral drugs, usually tenofovir disoproxil fumarate
(TDF) and emtricitabine (FTC), often marketed together as
Truvada and Descovy [11]. These active ingredients effectively
inhibit HIV replication in the body. When taken consistently
and correctly, PrEP substantially diminishes the risk of HIV
transmission during sexual intercourse or other high-risk
behaviors. PrEP reduces the risk of acquiring HIV through
sexual contact by approximately 99% and through injection
drug use by at least 74% [10].

Emtricitabine, approved by FDA (Food and Drug
Administration) in 2004, is a nucleoside reverse transcriptase
inhibitor (NRTI) [11]. It works by inhibiting the action of the
reverse transcriptase enzyme, which is essential for the
replication of HIV. By interfering with this process, emtricitabine
helps to prevent the virus from multiplying in the body [11].
Beyond its inhibition of reverse transcriptase, it remains
unclear whether emtricitabine affects cellular gene expression,
innate immunity, or cell signaling in infected cells—factors
that contribute to HIV-1 infection and replication in vitro. In
this study, we report that emtricitabine pre-treatment (FTCpt)
can inhibit HIV-1 replication by activating several key cellular
signaling pathways. These include the downregulation of host
transcription factors such as AP-1, NFAT, NF-kB, and Sp1, as well
as the inhibition of T cell receptor (TCR)-related pathways that
regulate transcription factors essential for HIV-1 replication.
Additionally, FTCpt disrupts the p-TEFb, toll-like receptor
(TLR), and JAK-STAT pathways, all of which are associated with
viral replication and the establishment of HIV-1 latency.

Materials and Methods
Chemicals and reagents

Emtricitabine (FTC) was sourced from Millipore Sigma
(Rockville, MD). All other chemicals were obtained from Sigma
(St. Louis, MO).

Cell culture and treatments

Jurkat, clone E6-1, cells were obtained from the National

Institutes of Health AIDS Research Reference and Reagent
Program (Germantown, MD) and cultured at 37°C in 5% CO,
in RPMI 1640 medium containing 10% fetal calf serum, 2 mM
glutamine, 50 pg/ml penicillin, and 50 pg/ml streptomycin. For
HIV-1 infection and emtricitabine (FTC) treatment, cells were
initially seeded at a density of 2 x 10° cells/ml for 24 hours.
Subsequently, as illustrated in the Supplementary Figure 1,
the cells were divided into two groups.

In the first group, on day 0, the cells were cultured for 3 days,
followed by infection with known amounts of HIV-1 (MN, 10°
copies per 10°cells) for 2 hours. They were then washed twice
with PBS and incubated in fresh medium for an additional
4 days. On day 7, these cells were further divided into two
subgroups: (0/0) - cells incubated for another 3 days, and
(0/E) - cells cultured in the presence of 10 nM of emtricitabine
for an additional 3 days. All cells were harvested on day 10
(Supplementary Figure 1).

In another group, on day 0, the cells were cultured in the
presence of 10 nM of emtricitabine for 3 days. Subsequently,
they were infected with known amounts of HIV-1 (MN, 10°
copies per 10°¢ cells) for 2 hours. Following this, they were
washed twice with PBS and incubated in fresh medium with
10 nM of emtricitabine for an additional 4 days. On day 7, the
cells in this group were placed in fresh medium and divided
into two subgroups: (E/0) - cells incubated in the absence of
emtricitabine for another 3 days, and (E/E) - cells cultured in
the presence of 10 nM of emtricitabine for an additional 3 days.
All cells were harvested on day 10 (Supplementary Figure 1).

RNA isolation and real-time PCR

The RNA isolation and real-time PCR were performed
according to our previous reports [8,12,13]. Briefly, viral RNA
was extracted from 140 pl of culture supernatant using the
QlAamp Viral RNA Mini Kit. Real-time RT-PCR was performed
using known concentrations of HIV-1 (MN) viral RNA as
templates for standard curve generation. Primers and TagMan
probes for gag p24 were designed, and quantitative RT-PCR
was conducted in a TagMan 7500 Analyzer.

Western blot analysis

The Western blotting was performed according to our
previous reports [8,12,13]. Briefly, proteins isolated from Jurkat
cells were subjected to SDS-PAGE, blotted onto polyvinylidene
difluoride membranes, and analyzed using antibodies against
various proteins. Antibodies from Abcam (Waltham, MA),
including rabbit polyclonal/mouse monoclonal antibodies
against Jak1, Jak2, NF-kB p65, PLCy-1, PKC, TCRa, and TLRT1,
were obtained. Additionally, mouse monoclonal antibodies
against IRAK4, IRF3, and IRF7 were acquired from Santa Cruz
Biotechnology (Santa Cruz, CA). Rabbit polyclonal antibodies
against Akt, AP-1, Brd4, CD3, CDK9, Cyclin T1, Erk1/2, MyD88,
NFAT, p38, PCAF, PI3K, p-Rpb-CTD, Stat1, Stat3, Stat5, Sp-1,
TF, GAPDH, and ZAP70 were purchased from Cell Signaling
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Technology, Inc (Danvers, MA). The relative quantitation of
protein expression was determined using Image) (Image
Processing and Analysis in Java) from NIH website (https://
imagej.nih.gov/ij/).

The cells were cultured and treated in 30 ml of medium, and
three independent experiments were performed to obtain the
Western blotting results.

Statistical analysis

The unpaired Student’s t test was used for data analyses as
indicated, and p-value <0.05 (*) and p-value <0.01 (**) were
considered significant and very significant, respectively.

Results

The ECs, (effective concentration 50) is a key metric for
evaluating drug activity in cell culture systems. It represents
the concentration of a drug required to inhibit viral replication
by 50% in a specific cell line. For emtricitabine, ECs, values in
cell cultures have been reported to range from 1.3 to 640 nM
(0.0003-0.158 ug/mL) [14]. Under our experimental conditions,
we observed that 10 nM of emtricitabine produced a more
favorable cellular response (Supplementary Figure 2).

Emtricitabine (Figure 1A), often used in combination with
other antiretroviral drugs for HIV-1 treatment, inhibits the
enzyme reverse transcriptase crucial for viral replication. This
interference reduces viral load, slows disease progression, and
enhances immune function [10,11].

FTCpt reduces the activity of host transcription factors

Given its role in HIV PrEP, we investigated if emtricitabine
pre-treatment could inhibit HIV-1 replication. In vitro studies,
detailed in Supplementary Figure 1, revealed significant
inhibition of HIV-1 replication with emtricitabine pre-
treatment (Figure 1B: panel 0/0 and O/E vs. E/0 and E/E). Post-
treatment also blocked replication, while discontinuation led
to reactivation (E/0 vs. E/E). This suggests that emtricitabine
pre-treatment can inhibit replication, with cessation
potentially reactivating HIV-1 in Jurkat cells.

Host transcription factors, including NF-kB p65, Ap-1, Sp-
1, and NFAT, crucial for HIV-1 replication [4], were examined.
Western blot analysis (Figure 2) showed emtricitabine pre-
treatment downregulated these factors (panel 0/0 and 0/E
vs. E/0 and E/E); while emtricitabine post-treatment resulted
in a significant decrease in the expression of NF-kB p65, Ap-
1, Sp-1, and NFAT (as depicted in Figure 2, comparing panel
0/0 to panel 0/E and panel E/O to panel E/E); indicating that
emtricitabine inhibits replication by suppressing these key
factors.

FTCpt hinders TCR-related pathways

T cells, vital in recognizing HIV-1-infected cells, rely on
the activation of TCR-related pathways. Emtricitabine pre-
treatment led to downregulation of TCRa, CD3, ZAP-70,
PLCy-1, and PKC (Figure 3A, seen in panel 0/0 and panel
0/E compared to panel E/0 and panel E/E) in TCR pathways.
At the same time, emtricitabine post-treatment resulted in a

RNA for RT-PCR to assess viral replication.
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Figure 1. Emtricitabine pre-treatment inhibited HIV-1 replication with decreased viral loads. (A) The structure of emtricitabine. (B)
Jurkat cells were treated with 10 nM of emtricitabine or/and infected with HIV-1, as described in the Materials and Methods section and
visually depicted in the Supplementary Figure 1. A total of 140 pl of culture supernatants containing HIV-1 particles was used to isolate viral
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Figure 2. Emtricitabine pre-treatment inhibited activation of host transcription factors. Jurkat cells were treated with 10 nM of emtric-
itabine or/and infected with HIV-1, as described in the Materials and Methods section and visually depicted in the Supplementary Figure
1. Total cell lysates were subjected to Western blot analysis to detect Ap-1, NFAT, NF-kB p65, and Sp-1.

significant decrease in the expression of TCRa, CD3, ZAP-70,
PLC-y1, and PKC (as shown in Figure 3A, comparing panel 0/0
to panel 0/E and panel E/O to panel E/E).

post-treatment significantly decreased the expression of
PI3K and Akt, Erk1/2 and p38 (as demonstrated in Figures
3B and 3C, comparing panel 0/0 to panel 0/E and panel E/O

to panel E/E); suggesting that emtricitabine inhibits TCR-
related pathways crucial for host cell activation. The cessation
of emtricitabine treatments can reactivate these pathways,
potentially contributing to viral resurgence.

PI3K/Akt pathway components and MAPKs (Erk1/2 and
p38) were downregulated by emtricitabine pre-treatment (as
shown in panel 0/0 and panel 0/E compared to panel E/0 and
panel E/E) (Figures 3B and 3C). Simultaneously, emtricitabine
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Figure 3. Emtricitabine pre-treatment decreased activation of TCR-related signaling pathways. Jurkat cells were treated with 10 nM
of emtricitabine or/and infected with HIV-1, as described in the Materials and Methods section and visually depicted in the Supplementary
Figure 1. Total cell lysates were subjected to Western blot analysis to detect (A) CD3, TCRa, PKC, PLCy1 and ZAP 70; (B) PI3K and Akt; and (C)
ERK1/2 and p38.
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These data indicate that emtricitabine pre-treatment inhibits
HIV-1 replication by suppressing host transcription factors
and TCR-related pathways. The cessation of treatment may
lead to pathway reactivation, emphasizing the importance
of consistent PrEP for sustained protection against HIV-1
infection.

FTCptinhibits the activation of Tat-mediated recruitment
of transcriptional machinery

HIV-1 Tat, a key regulatory protein, plays a pivotal role in
viral transcription and replication [15]. Tat interacts with the
histone acetyltransferase PCAF (p300/CBP-associated factor),
crucial for viral replication and transcription [16]. Emtricitabine
pre-treatment downregulated Tat and PCAF expression,
potentially hindering histone acetylation and limiting access
to the transcriptional machinery (Figure 4A).

Tat binds to TAR (Transactivation response element) RNA
structure at the 5 end of the nascent viral RNA [15,16],
recruiting Brd4 (Bromodomain-containing protein 4) [17], an
essential factor in gene expression regulation. Emtricitabine
pre-treatment led to the downregulation of Brd4, CDK9, and
Cyclin T1, components of the p-TEFb complex [15,16,18]
(Figure 4B). This complex facilitates RNA polymerase I
progression along viral RNA, promoting efficient viral gene
expression [18,19]. Additionally, emtricitabine inhibited the

phosphorylation of p-RPb-CTD, a critical step in transcriptional
elongation (4C), in panel 0/0 and panel 0/E compared to panel
E/0 and panel E/E (Figure 3C). Meanwhile, emtricitabine post-
treatment significantly reduced the expression of Brd4, CDK9,
and CyclinT1 (Figure 4B), as well as p-RPb-CTD (Figure 4C), in
panel 0/0 compared to panel 0/E and in panel E/O compared
to panel E/E.

These results indicate that emtricitabine pre-treatment
may reduce Tat activity, hinder histone acetylation via PCAF
downregulation, and block the p-TEFb pathway. This inhibition
suggests a potential mechanism for limiting viral transcription
and replication.

FTCpt blocks TLR pathways

The Toll-like receptor (TLR) pathway, crucial for immune
responses [20,21], was targeted by emtricitabine pre-
treatment. Expression of key TLR pathway molecules,
including TLR1, MyD88, IRAK4, IRF7, and IRF3, was significantly
reduced. Emtricitabine post-treatment continued to suppress
these components, suggesting a sustained impact on the
TLR pathway (Figures 5A-5D), suggesting that emtricitabine
pre-treatment inhibits TLR pathways, a vital component of
the immune response to HIV-1. The virus's evasion strategies
underscore the significance of these pathways in infection
control.
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Figure 4. Emtricitabine pre-treatment inhibited activation of that Tat-mediated recruitment of transcriptional machinery on HIV-1
replication. Jurkat cells were treated with 10 nM of emtricitabine or/and infected with HIV-1, as described in the Materials and Methods
section and visually depicted in the Supplementary Figure 1. Total cell lysates were subjected to Western blot analysis to detect (A) Tat and
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Figure 5. Emtricitabine pre-treatment blocked HIV-1 replication via TLR pathways. Jurkat cells were treated with 10 nM of emtricitabine
or/and infected with HIV-1, as described in the Materials and Methods section and visually depicted in the Supplementary Figure 1. Total
cell lysates were subjected to Western blot analysis to detect (A) TLR1; (B) MyD88; (C) IRAK4; and (D) IRF7 and IRF3.

FTCpt leads to the downregulation of Jak-Stat pathways

The Jak-Stat pathway, integral forimmune responses [22-26],
wasimpacted by emtricitabine pre-treatment.Downregulation
of Jak1, Jak2, Stat5, Stat3, and Stat1 was observed, leading to
reduced viral RNA production. Concomitantly, TF expression
was upregulated. Emtricitabine post-treatment continued

to suppress these Jak-Stat components, emphasizing their
crucial role in the pathway (Figures 6A-6C), suggesting that
emtricitabine pre-treatment inhibits Jak-Stat pathways, which
are exploited by HIV-1 to evade host immune responses. The
downregulation of key components suggests a potential
disruption of interferon-stimulated genes (ISGs) responsible
for antiviral responses.
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Figure 6. Emtricitabine pre-treatment decreased HIV-1 replication via Jak-Stat pathways. Jurkat cells were treated with 10 nM of
emtricitabine or/and infected with HIV-1, as described in the Materials and Methods section and visually depicted in the Supplementary
Figure 1. Total cell lysates were subjected to Western blot analysis to detect (A) Jak1 and Jak2; (B) Stat5, Stat3 and Stat1; and (C) TF.

J Cell Signal. 2025
Volume 6, Issue 3

104



Wang X, Zhao ], Hewlett 1. The Effects of Emtricitabine Pre-

J Cell Signal. 2025;6(3):99-108.

treatment on Inhibition of HIV-1 Infection in Jurkat Cells.

Discussion and Conclusion

The establishment of a latent HIV-1 reservoir in CD4* T cells
remains a formidable challenge in achieving a cure for HIV-
1 infection [27,28]. While ART effectively suppresses active
viral replication in the bloodstream, it fails to eliminate latent
reservoirs [29,30]. Emtricitabine, a key component of PrEP,
provides a critical preventive measure but does not address
the existing latent reservoirs [29,31]. The challenge lies in the
persistence of latent HIV-1, necessitating ongoing research
into therapeutic strategies that target these reservoirs.

PrEP has proven highly effective in preventing HIV
transmission when taken consistently [10,11]. However, a
notable challenge is the discontinuation of PrEP, with many
individuals ceasing treatment within the first 3-6 months [10].
The study's findings underscore the importance of both pre-
and post-treatment with emtricitabine for inhibiting HIV-1
replication and reducing viral loads. Stopping emtricitabine
treatment may result in a resurgence of HIV-1 replication,
emphasizing the need for sustained PrEP adherence [10].

HIV-1 replication involves intricate interactions with
various cellular signaling pathways, highlighting the virus's

adaptability and evasion mechanisms. The study explores the
impact of emtricitabine on key pathways, including NF-kB [32],
MAPK [8,9,33], TCR/PI3K-Akt [6,7], Jak-Stat [22-26], and TLR
[20,21,34,35]. The data suggest that emtricitabine treatments
significantly inhibit the activation of these pathways, crucial
for HIV-1 replication and latency. This multi-pronged inhibition
supports emtricitabine's potential as a broad-spectrum anti-
HIV agent.

Previous research has implicated apoptotic signaling
pathways in influencing HIV-1 replication [36] and latency
[37]. Proapoptotic components have been associated with
promoting HIV-1 replication [36,38], while antiapoptotic
molecules exhibit the opposite effect [36,37]. The study
proposes further investigation into how emtricitabine
impacts apoptotic pathways induced by HIV-1 infection
and replication. Understanding this interplay could provide
insights into the regulation of HIV-1 replication and latency.

Emtricitabine pre-treatment exhibits a downregulation
of key components involved in transcriptional machinery,
such as Brd4, CDK9, Cyclin T1, and p-RPb-CTD (Figure 7).
This suggests a potential mechanism for inhibiting the
synthesis of full-length HIV-1 mRNA and maintaining the
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Figure 7.The model of emtricitabine pre-treatment on inhibition of HIV-1 infection in Jurkat cells. This inactivation of HIV-1 replication
occurs through the downregulation of various factors such as NF-kB, p65, Ap-1, Sp-1,and NFAT in TCR/PI3K-Akt-related pathways. Additionally,
decrease of STAT1, STAT3, and STAT5 in Jak/Stat pathways, as well as IRF3 and IRF7 in TLR-related pathways, contributes to this process.
Furthermore, the inactivation of MAPK, ERK, and p38 activities is implicated. SARS-CoV-2 infection is also linked to the potential inhibition of
full-length HIV-1 mRNA synthesis. This is achieved by decreasing p-TEFb signaling pathways and downregulating Brd4, CDK9, CyclinT1, and
p-RPb-CTD. Notably, the emtricitabine downregulates PCAF, which functions as histone acetyl transferases (HATs) for chromatin acetylation.
This, in turn, inhibits HIV-1 replication.
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virus in a latent state. The downregulation of PCAF further
supports the inactivation of HIV-1 replication through
chromatin acetylation. Emtricitabine pre-treatment shows a
significant downregulation of Jak-Stat pathway components,
including Jak1, Jak2, Stat5, Stat3, and Stat1 (Figure 7). These
components play a crucial role in immune responses, and
their inhibition suggests a potential disruption of interferon-
stimulated genes (ISGs) responsible for antiviral responses.
Inhibition of the Jak-Stat pathway is a vital aspect of HIV-1
pathogenesis. The Toll-like receptor (TLR) pathway, essential
for the initial recognition and response to HIV-1 infection,
is inhibited by emtricitabine pre-treatment. Prolonged TLR
activation has been linked to chronic immune activation and
inflammation in HIV-1 infection. Emtricitabine's impact on
the TLR pathway underscores its potential in modulating the
immune response to the virus (Figure 7). Further studies are
needed to address the role of phosphorylated STAT, which is
commonly used as an indicator of protein activation, as well
as the phosphorylation of key molecules in the PI3K/Akt and
p38 MAPK pathways. Additionally, investigating the effects of
inhibiting or knocking down proteins involved in TCR-related,
PI3K-, and MAPK-mediated pathways may provide insights
into mechanisms underlying viral load reactivation. The data
obtained in this study were derived solely from Jurkat cells;
additional cell models may be needed to better demonstrate
the clinical relevance and significance of emtricitabine pre-
treatment.

In conclusion, the study indicates that emtricitabine
pre-treatment exhibits a multifaceted impact on HIV-1
replication (Figure 7). They hinder Tat-mediated recruitment,
downregulate key transcriptional machinery, block TLR
pathways crucial for immune response, and inhibit Jak-Stat
pathways integral to antiviral defense. These findings shed
light on the diverse mechanisms through which emtricitabine
contributes to the inhibition of HIV-1 replication and
highlights the importance of sustained treatment adherence.
The multifaceted impact on various cellular pathways
suggests emtricitabine's potential as a versatile therapeutic
agent. Understanding these molecular interactions opens
avenues for developing targeted strategies to address the
persistent challenges posed by HIV-1 replication and latency.
Further research is essential to unravel the complexities of
emtricitabine's interactions with apoptotic pathways and its
long-term impact on the HIV-1 life cycle.
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