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ABSTRACT: The ProTide prodrug design is a powerful tool to
improve cell permeability and enhance the intracellular activation
of nucleotide antiviral analogues. Previous in vitro studies showed
that the activation of ProTide prodrugs varied in different cell
lines. In the present study, we investigated the activation profiles of
two antiviral prodrugs tenofovir alafenamide (TAF) and sofosbuvir
(SOF) in five cell lines commonly used in antiviral research,
namely, Vero E6, Huh-7, Calu-3, A549, and Caco-2. We found that
TAF and SOF were activated in a cell-dependent manner with
Vero E6 being the least efficient and Huh-7 being the most
efficient cell line for activating the prodrugs. We also demonstrated that TAF was activated at a significantly higher rate than SOF.
We further analyzed the protein expressions of the activating enzymes carboxylesterase 1, cathepsin A, histidine triad nucleotide-
binding protein 1, and the relevant drug transporters P-glycoprotein and organic anion-transporting polypeptides 1B1 and 1B3 in the
cell lines using the proteomics data extracted from the literature and proteome database. The results revealed significant differences
in the expression patterns of the enzymes and transporters among the cell lines, which might partially contribute to the observed cell-
dependent activation of TAF and SOF. These findings highlight the variability of the abundance of activating enzymes and
transporters between cell lines and emphasize the importance of selecting appropriate cell lines for assessing the antiviral efficacy of
nucleoside/nucleotide prodrugs.
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Nucleosides and nucleotide analogues are an essential class
of therapeutics for treating viral infections. Nucleoside/

nucleotide analogues need to be converted to their active
metabolites, triphosphate nucleosides (TP-Nuc), to exert their
intended antiviral activity.1 Thus, the antiviral activity depends
on the intracellular formation of TP-Nuc.2−4 However, due to
the limited cell permeability and slow intracellular activation
rate, nucleoside/nucleotide analogues often cannot generate
sufficient TP-Nuc in the intracellular space, limiting their
antiviral efficacy. As a result, nucleoside/nucleotide analogues
are frequently structurally modified to ester prodrugs to
enhance intracellular accumulation and activation. Among the
ester prodrug designs, the ProTide technology, also termed as
McGuigan prodrugs, relies on the masking of the phosphate
and phosphonate groups with an amino acid ester or an aryl
group and has led to the development of several FDA-
approved antiviral prodrugs.5,6

Various cell lines have been used as in vitro models to
evaluate the antiviral activity of nucleoside/nucleotide
prodrugs. Interestingly, the antiviral efficacy of a nucleoside/
nucleotide prodrug could vary significantly among different cell
lines.2,4 We hypothesize that the varied antiviral activity is
partially due to the fact that those cell lines may exhibit
different capabilities in activating nucleoside/nucleotide
prodrugs. The present study aims to explore the prodrug

activation patterns in various cell lines using two typical
ProTide prodrugs, tenofovir alafenamide (TAF) and sofosbu-
vir (SOF) (Figure 1). TAF is a commonly used antihuman
immunodeficiency virus (HIV) and antihepatitis B virus
(HBV) agent,7,8 and sofosbuvir (SOF) is mainly used for
treating hepatitis C virus (HCV) infections.9 Both TAF and
SOF are broad-spectrum antivirals with the potential to inhibit
other viruses.

The activation process of TAF and SOF is initiated by the
cleavage of the prodrug anionic phosphate moiety to form
monophosphate nucleoside (MP-Nuc), which will be further
phosphorated by host kinases to form the active metabolite
TP-Nuc (Figure 1).10 The responsible esterases for hydro-
lyzing the prodrugs are mainly carboxylesterase 1 (CES1) and
cathepsin A (CatA).11−15 Moreover, histidine triad nucleotide-
binding protein 1 (HINT1) cleaves the P−N bond, leading to
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the formation of the monophosphate nucleoside metabo-
lite.11−13

TAF and the SOF can enter cells via passive diffusion. In
addition, drug transporters may play a role in the intracellular
accumulation of the two prodrugs. TAF is the substrate of the
influx transporters organic anion-transporting polypeptides
1B1 and 1B3 (OATP1B1 and OATP1B3) and the efflux
transporter P-glycoprotein (P-gp),14,16 and SOF is a P-gp
substrate.17 Therefore, in addition to the activating enzymes,
drug transporters could also influence the intracellular levels of
the active metabolites of TAF and SOF.

In this study, we performed in vitro studies to investigate the
activation of TAF and SOF in five cell lines commonly used in
virology research, namely Vero E6, Huh-7, Calu-3, A549, and
Caco-2.18 Additionally, we analyzed the protein expression
profiles of relevant activating enzymes and transporters to shed
light on the mechanisms underlying the cell-line-dependent
activation of nucleosides/nucleotide antiviral prodrugs. Our
findings emphasize the importance of selecting appropriate cell
lines for the study of nucleoside and nucleotide antiviral
prodrugs.

■ METHODS
Materials. The African monkey kidney cell line Vero E6

cells were provided by Dr. Christiane E. Wobus at the
University of Michigan and grown in Eagle’s Minimum
Essential Medium (EMEM) supplemented with 10% fetal
bovine serum (FBS) (GIBCO, ThermoFisher Scientific).
Human hepatocellular carcinoma cell line Huh7 cells were
provided by Dr. Lei Yin at the University of Michigan and
grown in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% FBS. Human lung adenocarcinoma
epithelial cells Calu-3 were provided by Dr. Daniel Goldstein
at the University of Michigan and grown in EMEM
supplemented with 10% FBS. Human pneumocyte type II
carcinoma cells A549 (ATCC CCL-185) were purchased from
ATCC and grown in F-12K supplemented with 10% FBS.
Human epithelial colorectal adenocarcinoma cell Caco-2
(ATCC HTB-37) were purchased from ATCC (Manassas,
VA) and grown in EMEM supplemented with 20% FBS.

TAF (≥99%), TFV (≥99%), and SOF (≥99%) were
purchased from MedChem Express (Monmouth Junction,

NJ). TFV-DP (≥95%) was obtained from Cayman Chemical
(Ann Arbor, MI). Sofosbuvir-5′-triphosphate (SOF-TP)
(≥95%) and sofosbuvir-5′-monophosphate (SOF-MP)
(≥95%) were purchased from Sierra Bioresearch (Tucson,
AZ). PhosSTOP EASYpack (PhosSTOP) was purchased from
Roche (Basel, Switzerland). Dimethyl sulfoxide (DMSO), 5,5′-
dithiobis(2-nitrobenzoic acid) (DTNB, ≥ 98%), 2-chloroade-
nosine, and adenosine-15N5 5′-triphosphate disodium salt
solution were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Qubit protein assay kits and phosphate-buffered saline
(PBS) were obtained from Thermo Fisher Scientific
(Waltham, MA). The MTS Assay Kit (ab197010) was
purchased from Abcam (Cambridge, MA, USA). All other
chemicals and reagents were analytical-grade and commercially
available. Deionized water was generated from a Milli-Q
system (Millipore Corporation, Billerica, MA, USA).
In Vitro Metabolism of TAF and SOF in Various Cell

Lines. Vero E6, Huh7, Calu-3, A549, and Caco-2 cells were
seeded in a six-well plate at a density of 0.5 × 106 cells/well.
When the cells reached 80−90% confluence, the cell culture
medium was replaced with the medium containing 10 μM TAF
or 10 μM SOF and incubated at 37 °C. We conducted a
cytotoxicity study and revealed that both TAF and SOF did
not exhibit cytotoxicity at a concentration of 10 μM
(Supporting Information). At 6, 12, and 24 h following the
incubation, the medium was discarded, and the cells were
washed twice with 2 mL of ice-cold PBS. 0.3 mL of ice-cold
lysis buffer was then added to each well, and the cells were
scraped and transferred to a 2 mL tube. The lysis buffer
contained 70% methanol (v/v, methanol:water = 7:3), 0.5 μM
2-chloroadenosine, 5 μM adenosine-15N5 5′-triphosphate
(internal standards), 2% formic acid, 10% PhosStop, and 50
μM DTNB as the protectors for the MP-Nuc and TP-Nuc
metabolites.21 Then, each well was washed with 0.3 mL of
water, and the solution was combined with the lysate from the
well. The protein concentration was determined using the
Qubit protein assay kit according to the manufacturer’s
instructions. The samples were mixed on a shaker (Benchmark,
Multi-Therm) at 1500 rpm for 5 min and stored at −80 °C
until use. For LC-MS/MS analysis, samples were thawed on ice
and centrifuged twice at 21,130g for 10 min at 4 °C. The
supernatants were transferred to autosampler vials for LC-MS/
MS analysis.

Figure 1. Activation pathways of TAF and SOF. After entering the cell, TAF and SOF are first hydrolyzed to their alanine metabolites by CES1 and
CatA. The alanine metabolites are then metabolized by HINT1 to form the monophosphate products (MP-Nuc). MP-Nuc metabolites are
subsequently phosphorylated by native kinases to generate the active metabolites TP-Nuc, namely TFV-DP for TAF and SOF-TP for SOF.
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LC-MS/MS Analysis for TAF, SOF, and Their Mono-
phosphate and Triphosphate Metabolites. We performed
the LC-MS/MS analysis of TAF, SOF, and their mono-
phosphate and triphosphate metabolites using methods similar
to those previously published with some minor modifica-
tions.18−20 TAF and SOF were analyzed by using a reverse
phase LC system coupled with a Sciex 3000 Triple Quadrupole
mass spectrometer. We used a RESTEK Ultra II C18 column
(5 μm, 50 cm × 2.1 mm, Bellefonte, PA, USA) with a RESTEK

UltraShield UHPLC precolumn filter (0.2 μm frit, Bellefonte,
PA, USA) for chromatographic separation at 45 °C. The
mobile phases comprised water containing 0.1% formic acid
(mobile phase A) and acetonitrile containing 0.1% formic acid
(mobile phase B) with a flow rate of 0.5 mL/min and the
following gradient for the mobile phase B: 0−0.1 min 5%, 0.1−
2 min 5% to 90%, 2−3 min 90%, 3−3.1 min 90% to 5%, 3.1−5
min 5%. The total run time was 5 min.

Figure 2. Time−concentration profiles of TAF, SOF, and their metabolites (TFV, TFV-DP, SOF-MP, and SOF-TP) after incubation with Huh-7,
Calu-3, A549, Caco-2, and Vero-E6 cells. The intracellular concentrations were measured at 6, 12, and 24 h following incubation with 10 μM of the
prodrugs. Data are presented as the mean ± SD of four independent experiments.
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The monophosphate and triphosphate metabolites (TFV,
TFV-DP, SOF-MP, and SOF-TP) were analyzed by using an
ion-exchange LC system coupled with a Sciex 3000 Triple
Quadrupole mass spectrometer. We used a BioBasic AX
column (2.1 × 50 mm, 4.6 μm; ThermoFisher) with a
RESTEK UltraShield UHPLC precolumn filter (0.2 μm frit,
Bellefonte, PA, USA) for chromatographic separation at 50 °C.
The mobile phases consisted of 30% acetonitrile (pH 6.0,
mobile phase A) and 30% acetonitrile (pH 10.0, mobile phase
B) with a flow rate of 0.6 mL/min and the following gradient
for the mobile phase B: 0−0.1 min 2%, 0.1−0.4 min 2% to
50%, 0.4−0.8 min 50%, 0.8−1 min 50% to 95%, 1−3.5 min
95%, 3.5−3.7 min 95% to 2%, 3.7−5 min 2%. The total run
time was 5 min. 2-Chloroadenosine and adenosine-15N5 5′-
triphosphate were used as the internal standards for the
prodrugs and metabolites, respectively. The MS parameters
can be found in the Supporting Information.
Extraction of Proteomics Data of Key Enzymes and

Transporters Involved in TAF and SOF Activation and
Disposition. We analyzed the expressions of key enzymes and
transporters involved in TAF and SOF activation and
disposition in the cell lines by extracting proteomics data
from the literature and the Human Protein Atlas (HPA)
database.21,22 The target activating enzymes include CES1,
CatA, and HINT1,11−14 and the target transporters are the
influx transporters OATP1B1 and OATP1B3 and the efflux
transporter P-gp, given that OATP1B1 and OATP1B3
facilitate the cellular uptake of TAF, and both TAF and SOF
are the substrates of P-gp.14,16,17

Data Analysis. The student t-test was utilized to compare
the metabolism profiles of TAF and SOF. A P-value of less
than 0.05 was considered statistically significant. GraphPad
Prism v8.3.0 (GraphPad Software) was used for generating
graphs. For the LC-MS/MS analysis, the analyte-to-internal
standard ratios were calculated for quantification.

■ RESULTS
Cell-Dependent Activation of TAF and SOF. The

time−concentration profiles of the prodrugs TAF and SOF
and their MP-Nuc and TP-Nuc metabolites in the five tested
cell lines are illustrated in Figure 2. Both TAF and SOF
showed a marked cell-dependent activation pattern, with Huh-
7 being the most efficient cell line and Vero E6 being the least
efficient cell line activating the prodrugs. TAF was able to
generate a noticeably higher amount of the active metabolite
TP-Nuc than SOF in all the cell lines.

At six hours following incubation, the formation rates of the
active TP-Nuc metabolite (TFV-DP) from TAF were
significantly higher compared to SOF in Huh-7, A549, Caco-
2, and Calu-3 cells (Figure 3).

We further calculated the total intracellular accumulation of
each prodrug and its MP-Nuc and TP-Nuc metabolites in the
tested cell lines after incubation for 6 h. Similar to the
activation rates, the total accumulation of TAF and its
metabolites was also significantly higher than the total
accumulation of SOF and its metabolites in all cell lines
except for Vero E6 (Figure 4).

The metabolism of TAF and SOF to their intermediate
metabolite MP-Nuc is primarily catalyzed by CES1, CatA, and
HINT1, whereas the conversion of MP-Nuc to the active
metabolite TP-Nuc is mediated by kinases (Figure 1). We
calculated the ratios of the intracellular concentration of MP-
Nuc to prodrug and the ratios of TP-Nuc to MP-Nuc (Table

1) for both TAF and SOF to evaluate the metabolizing
efficiencies of the prodrugs at each metabolic step in the cell
lines. Interestingly, the mean MP-Nuc to TAF ratio was about
10 times the mean MP-Nuc to SOF ratio (36 vs 3.5), and the
mean TP-Nuc to MP-Nuc ratio for TAF ratio was
approximately 5 times the ratio for SOF (1.6 vs 0.27),
indicating that the catalytic efficiencies of the metabolizing
enzymes are higher for TAF compared to SOF at both
metabolic steps.
Expression of TAF and SOF Activating Enzymes and

Transporters. Relative protein expression levels were
normalized to those in the Calu-3 cells (Table 2). The
expression levels of the proteins of interest differ significantly
among the five cell lines. For CES1, its expression levels in
A549 and Caco-2 are much higher than those in Huh-7 and
Calu-3, and CES1 is absent in Vero E6. For CatA and HINT1,
the differences in their expression levels across the cell lines are
less pronounced than CES1. The efflux transporter P-gp is
expressed at the highest level in the Caco-2, Huh-7, and Vero
E6 cells. The influx transporters OATP1B1 and OATP1B3 are
either absent or expressed at a very low level in the Caco-2 and
Vero E6 cells.

Figure 3. Activation rates of TAF and SOF after incubation with
Huh-7, A549, Vero E6, Caco-2, and Calu-3 cells for 6 h. The
activation rates were determined by measuring the intracellular
formation of the TP metabolites. The values were normalized by
cellular protein concentrations. ** P < 0.01, n = 4.

Figure 4. Total intracellular accumulations of TAF and SOF and their
MP-Nuc and TP-Nuc metabolites in Huh-7, A549, Vero E6, Caco-2,
and Calu-3 cells after incubation for 6 h. The total accumulations are
the sum of the prodrug and its MP and TP metabolites and are
normalized by cellular protein concentrations. ** P < 0.01, n = 4.
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■ DISCUSSION
Vero E6, A549, Calu-3, Caco-2, and Huh-7 are among the
most commonly used cell lines for evaluating the antiviral
activity of antiviral drugs in virology studies.23 Among these,
Vero E6 cells have been widely used as an in vitro cell model
for anti-SARS-CoV-2 research due to its outstanding efficiency
in propagating SARS-CoV-2.24,25 The lung cell lines A459 and
Calu-3 are commonly used as in vitro pneumonocyte models
for the research of pulmonary infections such as COVID-
19.26−28 The human colon cell line Caco-2 and human liver
cell line Huh-7 have been adopted as in vitro models for the
study of colon and hepatitis virus infections.2,23 The antiviral
activity of a prodrug depends on the intracellular accumulation
and activation of the prodrug. Previous in vitro studies have
shown that the activation and antiviral efficacy of nucleoside/
nucleotide prodrugs, such as remdesivir, were cell-line-
dependent.2,4 Thus, the in vitro antiviral activity results
could be misleading when the prodrug is not adequately
activated in the selected cells.

In this study, we determined the activation patterns of two
widely used antiviral prodrugs, TAF and SOF, in the five cell
lines to illustrate the cell-dependent activation of nucleoside/
nucleotide prodrugs. Moreover, we analyzed the protein
expressions of the enzymes and transporters involved in the
activation and disposition of the two prodrugs, including
CES1, CatA, HINT1, P-gp, OATP1B1, and OATP1B3. CES1
and CatA are the major enzymes catalyzing the hydrolysis of
TAF and SOF, the first metabolic activation step of the
prodrugs. We previously reported that TAF was a much more
efficient substrate of CES1 and CatA than SOF (CES1: 772 vs
9.79 pmol/min/μg protein and CatA: 3941 vs 8.35 pmol/min/
μg protein).14 Consistent with the findings, the present study
demonstrated that TAF was activated at a higher rate than that
of SOF in the cell lines (Figures 2 and 3). Moreover, the mean
ratio of the MP-metabolite (TFV) to TAF was approximately
10-fold higher than the ratio of SOF-MP to SOF, further
supporting that TAF was hydrolyzed at a significantly higher

rate in the cells compared to SOF. We also observed that the
triphosphate metabolite to monophosphate metabolite intra-
cellular concentration ratio of TAF (i.e., TFV-DP/TFV) was
significantly greater than that of SOF, indicating that the
conversion of TAF monophosphate metabolite to its active
metabolite is more efficient compared to SOF-MP.

The study demonstrated a marked cell-dependent activation
pattern. The rank of the activation rates after a 6 h incubation
period for both TAF and SOF is as follows: Huh-7 > Caco-2 >
A549 > Calu-3 > Vero E6. Interestingly, the proteomics
analysis revealed that CES1 protein expression levels in the
Huh-7, Caco-2, and A549 cells were much higher than those in
Calu-3, while CES1 is absent in Vero E6 (Table 2). In
addition, CatA and HINT1 expressions were comparable
among the five cell lines. The results suggest that the higher
activation rates of TAF and SOF in Huh-7, Caco-2, and A549
might be due to the higher expression levels of CES1 in these
cell lines.

The primary rationale for nucleoside/nucleotide prodrug
design is to increase cell membrane permeability and enhance
intracellular drug accumulation.29 We estimated the trans-
membrane efficiency of TAF and SOF in the five cell lines by
calculating the total intracellular accumulation of the prodrugs
and their MP-Nuc and TP-Nuc metabolites after incubation
for 6 h. Similar to the rates of activation, TAF was accumulated
at significantly higher rates than SOF, and the accumulations
were higher in Huh-7, Caco-2, and A549 than in Calu-3 and
Vero E6 for both TAF and SOF. It has been well established
that, besides the physicochemical property of a drug, drug
transporters also play an important role in intracellular drug
accumulation.30 Thus, we analyzed the protein expressions of
P-gp, OATP1B1, and OATP1B3 in the cell lines (Table 2)
since both TAF and SOF are substrates of P-gp, and TAF is
also a substrate of OATP1B1 and OATP1B3.14,16,17 Interest-
ingly, Vero E6, which exhibited the lowest levels of intracellular
drug accumulation, showed the second highest expression of
the efflux transporter P-gp and no expression of the influx
transporters OATP1B1 and OATP1B3. The findings indicate
that the differences in drug transporter expression among the
cell lines could also play a role in the observed cell-dependent
prodrug accumulation and activation.

In summary, our study demonstrated a significant cell-
dependent pattern of intracellular accumulation and activation
of nucleoside and nucleotide prodrugs in five cell lines
commonly used in antiviral research and revealed differences
in the expressions of activating enzymes and transporters
among the cell lines. The findings suggest that the careful
selection of in vitro cell models is essential for studying the
antiviral activity of nucleoside/nucleotide prodrugs. In
particular, Vero E6, one of the most commonly used cell
lines for antiviral research, appears to be inappropriate for

Table 1. Monophosphate Metabolite to Prodrug Concentration ratios (TFV:TAF and SOF-MP:SOF) and Triphosphate
Metabolite to Monophosphate Metabolite Concentration Ratios (TFV-DP:TFV and SOF-TP:SOF-MP) in Different Cell Lines
after a 6-Hour Incubationa

Huh-7 A549 Vero E6 Caco-2 Calu-3 Mean ± SD

TFV:TAF 45 ± 16 3.4 ± 1.4 NAb 58 ± 50 NAb 36 ± 29
SOF-MP:SOF 6.6 ± 4.0* 1.9 ± 1.2 NAb 1.9 ± 1.2 NAb 3.5 ± 2.7
TFV-DP:TFV 1.8 ± 0.44 2.0 ± 0.2 1.5 ± 1.1 1.1 ± 0.1 1.3 ± 0.3 1.6 ± 0.3
SOF-TP:SOF-MP 0.18 ± 0.11** NAb 0.42 ± 0.19 0.36 ± 0.21** 0.11 ± 0.03** 0.27 ± 0.15**

a* P < 0.05, ** P < 0.01, n = 4 (TFV:TAF vs. SOF-MP:SOF, TFV-DP:TFV vs. SOF-TP:SOF-MP). bMonophosphate metabolite to prodrug
concentration ratios were not determined because the analyte concentrations were below the low limits of detection after 6 h of incubation.

Table 2. Relative Protein Expression Levels of TAF and
SOF Activating Enzymes and Transporters in Different Cell
Linesa

Calu-3 A549 Caco-2 Huh-7 Vero E6

CES1 1.00 269 106 6.75 ULD
CatA 1.00 0.67 2.03 1.00 0.84
HINT1 1.00 1.33 1.05 0.92 1.50
P-gp 1.00 ULD 48.5 17.3 26.7
OATP1B1 1.00 2.00 ULD 0.60 ULD
OATP1B3 1.00 1.02 0.01 0.18 ULD

aNote: The protein expression levels are normalized to that in the
Calu-3 cells. ULD: Under the Limit of Detection.

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Article

https://doi.org/10.1021/acsptsci.3c00050
ACS Pharmacol. Transl. Sci. 2023, 6, 1340−1346

1344

pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.3c00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


evaluating the antiviral efficacy of a nucleoside/nucleotide
prodrug because of its inability to activate ester-containing
prodrugs. The results also indicate that the activation levels of
a prodrug could vary significantly in different organs due to the
expressions of relevant transporters and activating enzymes
differing across these organs, which could lead to unintended
therapeutic outcomes.31
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