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Abstract: Human cytomegalovirus (HCMV) has been implicated in the development of human
malignancies, for instance in colon cancer. Proteasome inhibitors were developed for cancer therapy
and have also been shown to influence HCMV infection. The aim of this study was to investigate if
proteasome inhibitors have therapeutic potential for colon carcinoma and how this is influenced by
HCMV infection. We show by immunofluorescence and flow cytometry that the colon carcinoma cell
line Caco-2 is susceptible to HCMV infection. Growth curve analysis as well as protein expression
kinetics and quantitative genome analysis further confirm these results. HCMV has an anti-apoptotic
effect on Caco-2 cells by inhibiting very early events of the apoptosis cascade. Further investigations
showed that HCMV stabilizes the membrane potential of the mitochondria, which is typically lost
very early during apoptosis. This stabilization is resistant to proteasome inhibitor Bortezomib
treatment, allowing HCMV-infected cells to survive apoptotic signals. Our findings indicate a
possible role of proteasome inhibitors in colon carcinoma therapy.
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1. Introduction

Human cytomegalovirus (HCMV), one of nine human herpesviruses, can cause seri-
ous illness in neonates as well as in immunocompromised adults [1–3]. Although HCMV
is not thought to be a classical oncovirus, recent reports provide evidence that HCMV
is also associated with human malignancies. Viral antigen as well as nucleic acids have
been detected in large proportions of malignant tumors: colon cancers, prostate cancer,
glioblastomas, medullablastomas, and breast cancer [4–8]. HCMV DNA was detected by
PCR in 42.3% of the tumor specimens, while only 5.6% samples of adjacent non-neoplastic
tissue were positive for HCMV [9]. Quantitative real-time PCR in 54 sample pairs revealed
significantly higher viral copies in the tumor specimens than the adjacent non-neoplastic
tissue specimens [9]. Colorectal cancer (CRC) is a leading cause of cancer death world-
wide [10]. The presence of HCMV in CRC is associated with poorer outcome in elderly
patients [11]. The results suggest that HCMV may influence the outcome of CRC in an
age-dependent manner and possibly has a dual oncomodulatory effect [11]. The presence
of HCMV in tumors does not correlate with the serological or viremic status of CRC pa-
tients [12]. HCMV reactivation in CRC patients is possibly due to virus-cancer interactions
in the CRC tumor microenvironment [13], resulting in active viral gene transcription in
the tumor but not in the blood of CRC patients. It has been suggested that HCMV leads
to a dysregulation of multiple cellular pathways involved in oncogenesis [14–16]. In the
present study, we analyzed the effects of HCMV infection of the colon carcinoma cell line
Caco-2 and its interaction with the proteasome inhibitor Bortezomib. Bortezomib targets
specificity protein (Sp) transcription factors in cancer cells [17]. In addition, Bortezomib
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induces G2-M arrest in human colon cancer cells through ROS-inducible phosphorylation
of ATM-CHK1 [18]. Some reports have shown that tegument proteins prevent degradation
either by suppression of ISGylation (pUL25) [19], inactivation of the DNA sensor cGas
(pp65) [20] or –STING degradation (IE2) [21]. Interestingly, HCMV UL35 downregulates
BclAF1 by proteasomal degradation [22]. BclAF1 induces apoptosis by binding to anti-
apoptotic Bcl proteins such as Bcl-2 and Bcl-xl, and Bortezomib induces apoptosis in part
by increasing pro-apoptotic BH3 proteins [23]. In contrast, anti-apoptotic HCMV proteins
inhibit different pathways of apoptosis. HCMV protein vMIA (pUL37 × 1), the viral
mitochondria-localized inhibitor of apoptosis, inhibit the two pro-apoptotic effector pro-
teins Bax and Bak and lead to proteasomal degradation. Both proteins are localized at
the mitochondria outer membrane and induce permeabilization of this membrane during
apoptosis [24,25]. HCMV pUL36 known as the viral inhibitor of caspase-8 activation (vICA)
prevents proapoptotic signaling by binding to caspase-8 [26]. Another protein that blocks
apoptosis is pUL38 that antagonizes cellular stress responses [27].

One important cellular pathway involved in the pathogenesis of colorectal cancer
is the NF-kB regulated proteasome system [28]. Clinical data provide evidence that the
proteasome plays an important role in maintaining the immortal phenotype of myeloma
cells. Furthermore, similar effects have been shown in solid organ cancers [29]. Cancer cells
are exposed to protein overload and needs the proteasome system. Levin et al. [30] provide
evidence that during tumor progression the 26S proteasome assembly was enhanced. Thus,
enhanced CRC–associated proteasome assembly is a prerequisite to manage protein over-
load. In this regard, Bortezomib inhibition of the 26S proteasome leads to growth inhibition
and apoptosis [31,32]. One mechanism will be the destruction of the major stress response
of the cancer cells. Furthermore, Bortezomib is the first proteasome inhibitor approved for
use at different points in the treatment of multiple myeloma [33]. These insights inspired
us to analyze the effect of HCMV in Caco-2 cells and its effect on Bortezomib in these cells.

2. Materials and Methods
2.1. Cells and Virus

Human colon adenocarcinoma cell line Caco-2 (ECACC, Porton Down, England)
and human embryonic lung fibroblasts Fi301 (HELF Fi301, authenticated by Deutsche
Sammlung von Mikroorganismen und Zellkulturen; DSMZ, Braunschweig, Germany)
were grown in Dulbecco’s minimal essential medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM glutamine and gentamycin (60 µg/mL). Caco-2 cells and
HELF Fi I301 at passages 9 to 25 or 10 to 15 were used for infections. Experiments were
carried out with confluent cell monolayers.

Infection of Caco-2 or HELF Fi301cells with a clinical isolate of HCMV (GCV-res)
or TB40/E-pp150EGFP (kindly provided by C. Sinzger, Ulm Medical Center, Institute of
Virology [34]) was carried out as previously described [35]. To enhance infectivity, Caco-2
cells were (i) cultured for 24 h in medium supplemented with 2% FBS, (ii) infected with
HCMV at a MOI 10, and (iii) centrifuged for 45 min during the absorption of the virus.
Proteasome inhibitor was added after adsorption at the indicated time points.

The HCMV clinical isolate used is resistant against Ganciclovir, because it carries
the substitution M460I and M406V in HCMV UL97. It was received from K. Hamprecht
(Institute of Medical Virology, Tübingen, Germany) at passage 4 and was used at passage 9,
respectively. Differentiated Caco-2 cells can only be infected from the basolateral side [36].
Therefore, the tight junction formations between the cells were temporarily blocked by
pretreatment with 100 µM EGTA for 1 h). The effects of EGTA are fully reversible upon
removal of the compound [36,37].

2.2. Proteasome Inhibitors

Stocks of 10 mM Bortezomib (Selleck Chemicals LLC, Houston, MA, USA) were
prepared in 95% (w/v) dimethyl sulfoxide (DMSO) and stored at −20◦ C. For further
applications the inhibitor was diluted in medium.
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2.3. Immunofluorescence

Caco-2 cells or HELF Fi301 (6.5 × 104) were seeded on cover slips and mock-infected
or infected with HCMV isolate or HCMV TB40/E-pp150EGFP at a MOI of 10. At the
appropriate time point cells were fixed with 3% paraformaldehyde as described previ-
ously [35]. Detection of HCMV IE1/IE2, pUL44 and—by infection with the HCMV isolate-
pp28 was carried out with the antibodies mAb CCH2/DDG9 (Dako-Agilent Technologies,
Santa Clara, CA, USA), mAb CH16 (Santa Cruz Biotechnology, Heidelberg, Germany)
and mAb 5C3 (Santa Cruz Biotechnology, Heidelberg, Germany) for 45 min at room tem-
perature prior to further incubation for 45 min with Cy5-labeled goat anti-mouse F(ab’)2
fragments. After staining, samples were mounted in Fluoromount-G (Thermo Fisher
Scientific, Waltham, MA, USA) with 2.5% (w/v) 1,4-Diazabicyclo [2.2.2] octan and exam-
ined under the confocal laser scanning microscope Eclipse TiA1/A1R (Nikon Instruments
Europe BV, Amsterdam, The Netherlands). Images were captured with NIS-Elements
ARprogram (Nikon Instruments Europe BV). For kinetic analysis with HCMV TB40/E-
pp150EGFP mock-infected or infected cells were fixed with 4% paraformaldehyde at
appropriate time point. Detection of HCMV IE1/2 and pUL44 was carried out with the
antibodies CCH2/DDG9 (Dako) and CH16 (Santa Cruz Biotechnology) for 30 min at room
temperature followed by incubation for 20 min with DyLight-549 goat anti-mouse IgG H+L
(Jackson ImmunoResearch Europe Ltd, Ely, UK) and Alexa Fluor 647 donkey anti-mouse
IgG F(ab′)2 fragments (Thermo Fisher Scientific, Waltham, MA, USA). Additional expres-
sion of pp150 was determined by EGFP signal. The kinetic analysis were examined under
the confocal laser scanning microscope TCS SPE (Leica Camera AG, Wetzlar, Germany).
Images were captured with LAS X program (Leica Camera AG, Wetzlar, Germany).

2.4. Quantitative Analysis of Infected Cells by Flow Cytometry

Caco-2 cells were infected for 7 days, harvested and the degree of infection was
determined by staining with antibodies against IE1/2 (CCH2, DDG9 Dako) and pp28 (5C3;
Santa Cruz Biotechnology) or for kinetic analysis IE1/2 and pUL44 (CH16. Santa Cruz)
and cytofluorimetric analysis. Briefly, the cells were trypsinised, washed with ice-cold
buffer 1 (PBS, 1% BSA, 0.2% sodium azide), resuspended in buffer 1 with 99% EtOH,
incubated for 20 min at 4 ◦C, and then washed again prior to incubation with the first mAb
(1:150) for 1 h. The cells were then washed and incubated with secondary Alexa-Fluor-488-
conjugated donkey anti-mouse-IgG (Jackson ImmunoResearch Laboratories; 1:400) for 1 h.
After the final staining step, cells were washed in ice-cold buffer 1 and then resuspended
in 100 µL PBS. Flow cytometry was performed on a FACSCalibur (BD Biosciences-EU,
Eysins, Switzerland) or on a BD FACSLyric (for the kinetic experiments). The images were
analyzed with BD CellQuest Pro or BD FACSuite V1.2.1 software package (BD bioscienes-
EU, Eysins, Switzerland). The generation of bar charts was performed by using the software
GraphPadPrism V 8.4.1 (GraphPad Software, San Diego, CA, USA).

2.5. Cell Proliferation Assay

Caco-2 cells (1.45 × 104) were seeded in 96-well plates. Confluent cells were incubated
with 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 mM of Bortezomib in a final volume of 100 µL
for 24 h at 37 ◦C. Cytotoxicity (50% cytotoxic concentration, CC50) profiling of bortezomib
was determined by the use of Cell Proliferation Kit II (XTT, Roche, Mannheim, Germany) as
recommended by the manufacturer. The absorbance of 492 nm with a reference wavelength
of 650 nm was measured. The assay is based on the cleavage of the yellow tetrazolium salt
XTT and the formation of the orange formazan dye by metabolic active cells. An increase in
number of living cells directly correlates to the amount of orange formazan formed.

In addition, cytotoxicity produced in Caco-2 cells was determined by microscopic inspec-
tion of cells not affected by the virus used in HCMV plaque assays similar to Turk et al. [38].



Viruses 2021, 13, 83 4 of 17

2.6. Plaque Reduction Assay

Cells (6.5 × 104) were seeded in 24-well plates and infected with HCMV isolate.
After 1.5 h p.i. the inoculum was discarded, the cells were washed for three times with
PBS and overlaid with 2 mL methylcellulose (Methocel MC, Fluka Analytical, München,
Germany) containing DMEM with 10% FBS and 0.1–12.0 nM Bortezomib. After incubation
for seven days at 37 ◦C, the cells were fixed using an -ethanol-acetone composition (95:5)
and stained using an IE1/2 antibody (CCH2, DDG9 Dako) followed by treatment with the
AEC (3-Amino-9-ethylcarbazole) staining kit (Sigma-Aldrich, Deisenhofen, Germany) as
recommended by the manufacturer. Plaques were counted by the use of a light microscope
(Axiovert 10, Carl Zeiss Microscopy GmbH, Jena, Germany). Compound effects were
calculated by comparing compound-treated cells versus untreated cells.

2.7. Yield Assay

Confluent Caco-2 cells (6.7 × 104) grown in 24-well plates were infected with HCMV
isolate or isolate inactivated by UV-irradiation (312 nm on ice for 10 min (UV Transillu-
minator TI 5, Biometra), MOI 10). After 1 h, the inoculation was discarded and the cells
were washed with PBS pH3.0 for 3 min followed by washing with PBS pH 7.4 for 5 min.
At 1, 2, 3, 4, 5, 6, and 7 d post infection, supernatants and cells were harvested and frozen
at −80 ◦C. After collection of all time points, supernatants, UV-inactivated supernatants,
cells and UV-inactivated cells were transferred to HELF Fi301 grown on 12-well plates,
overlaid with methylcellulose and titers were determined 7 d p.i. by plaque assay. Fixation
and staining were as described by plaque reduction assay.

2.8. Real-Time Quantitative PCR

Caco-2 cells (6.7 × 104) were seeded in 24-well plates and infected with HCMV isolate.
After one hour, the inoculum was discarded and the cells were washed for three times
with PBS. At 36, 96, and 168 h p.i. the cells were lysate with SDS buffer followed by
DNA isolation with phenol-chloroform treatment and ethanol precipitation. Amounts
of viral DNA were determined by quantification of real-time PCR. Oligonucleotides for
real-time PCR amplifying pp150 were: pp150-fwd 5′-TCCCTTCAGGATGCCTACGA-3′

and pp150-rev: 5′-TAATCGGACGACGGTGTTGT-3′ Real-time PCR was performed using
500 ng/µL of Template DNA and 10 µL 5 × Phusion Green HF buffer (Thermo Fisher
Scientific, Henningsdorf, Germany; including 7.5 mM MgCl2), 0.02 U/µL Phusion DNA
Polymerase, 200 µM for each dNTPs, 0.5 µM for each pp150 primer in a final volume of
50 µL. After activation of the polymerase at 98 ◦C for 2 min, 45 cycles of amplification
(98 ◦C for 15 s, 64 ◦C for 15 s, and 72 ◦C for 10 s), were performed in a qTOWER3 (Analytik
Jena AG). In the assay we used one negative (mock-infected cells) and one positive control
(HCMV TB40/E BAC4 DNA). The probes were normalized against TB40/E BAC4 DNA.

2.9. PAGE and Western Blot Analysis

Caco-2 cells (6.7 × 104) were seeded in 24-well plates and infected with HCMV isolate.
After one hour the inoculum was discarded and the cells were washed for three times with
PBS. At 0, 36, 96, and 168 h p.i. cells extracts (pooled triplicates) were solubilized in 4 ×
sample buffer (4% (v/v) ß-mercaptoethanol, 0.01% (w/v) bromophenol blue, 4% (w/v) glyc-
erol, 4% (w/v) SDS, 0.2 M Tris-HCl (pH 6.8)) prior to separation on 10% (w/v) SDS-PAGE.
Proteins were transferred to nitrocellulose sheets and subjected to Western blot analysis as
described previously [35]. The antibody CCH2/DDG9 (Dako-Agilent Technologies; 1:500)
specific for IE1/2 were used as the primary antibodies. For detection of primary antibody
binding, horseradish peroxidase-conjugated anti-mouse F(ab′)2 fragments (1:5000 in PBS
with 0.3% BSA; Abcam, Cambridge, UK). The membranes were reprobed with an antibody
against α-tubulin (1.5000; Cell Signaling Technology) and HRP-conjugated anti-mouse
F(ab′)2 to verify equal loading. Detection of protein bands was performed using ECL
(Super Signal West Pico) reagent as recommended by the supplier (Pierce; Thermo Fisher
Scientific, Henningsdorf, Germany). As a control, we used HELF Fi301 after 168 h p.i.
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2.10. Co-Culturing of Caco-2 and HELF Fi301

Co-cultivation of Caco-2 with HELF Fi301 was at a ratio of 2:1 (in 10% FBS EMEM for
48 h, 1% FBS EMEM for 24 h). Caco-2 mono-(6× 104 per well) and co-cultures (4× 104 Caco-2,
2× 104 HELF Fi301) were seeded in 24-well plates. After 72 h the cells were treated with EGTA
followed by infection with HCMV (MOI of 10) and overlaid with methyl cellulose containing
2.77, 4.01, or 5.51 nM Bortezomib. At the same time, freshly harvested, untreated Caco-2
cells (4 × 104) were mixed with HCMV-infected (MOI of 1) HELF Fi301 (2 × 104) in methyl
cellulose. After incubation for seven days plaques were counted and the reduction calculated.

2.11. Apoptosis Assay

Flow cytometry analysis was used to evaluate cell apoptosis. Briefly, Caco-2 cells
seeded in 24-well plates and cultured in medium with 2% FBS, were infected with HCMV
(MOI: 10) or mock-infected. After 6.0 days of infection, the cells were harvested and the
degree of apoptosis and necrosis was determined by staining with annexin V as well as
propidium iodide and IE 1/2 using the FITC Annexin V Apoptosis Detection Kit with PI
(BioLegend, San Diego, USA). After cytofluorimetric analyses data were imaged using the
software FlowJo V 10.7.1 (BD bioscienes-EU, Eysins, Switzerland)).

2.12. Mitochondrial Membrane Potential Assay

Early stages of cell death induce mitochondrial disruption resulting in changes of
membrane potential. In order to monitor this effect fluorescent imaging with JC-1 dye,
a mitochondrial membrane indicator, was performed. JC-1 dye aggregation in the mito-
chondria is potential dependent, and leads to an emission shift from green (L 527 nm)
to red (L 590 nm) (monomer to aggregates). We used the JC-1-Mitochondrial Membrane
Potential Assay Kit (Cayman, Biomol, Hamburg, Germany).

Caco-2 cells grown in a 96-well microplate (1.5 × 104 per well) were infected with
HCMV (MOI 10) or mock-infected. At 6–6.5 days p.i. the cells were treated with 4.01 nM
(EC50) or 5.51 nM (EC75) Bortezomib for 12 h and 24 h. Mock-infected or untreated HCMV-
infected cells were used as controls. The assay was performed in duplicate according to the
instructions of the supplier (Abcam, Cambridge, UK). The fluorescent ratio of infected to
mock-infected Caco-2 was used for normalization.

2.13. Cell-Death Detection

In order to quantitative measurements of apoptosis the Cell Death Detection ELIS-
APlus (Roche, Mannheim, Germany) was used. This assay detect histone-associated DNA
fragments, which determined the intranucleosomal degradation of DNA during apop-
tosis. The quantitative sandwich-ELISA used monoclonal antibodies directed against
DNA and histones. Mock-infected or infected Caco-2 cells were treated with Bortezomib
(4.01 nM or 5.51 nM) or left untreated (medium with 2% FBS) for 12 and 24 h. The cells
were trypsinized, washed, and seeded (in duplicates) at 1 × 105 cells/wells. The assay
was performed according to manufacturer’s instructions. Absorption was measured at a
wavelength of 405 nm (reference wavelength: 492 nm).

2.14. Necrosis Assay with PicoGreen

In order to quantify double-stranded DNA the Pico Green assay (Molecular Probes
Europe BV, Leiden, Netherland) was used. With this assay dsDNA is detected by using
an ultrasensitive fluorescent nucleic acid stain. Mock-infected or infected Caco-2 cells were
treated with Bortezomib (4.01 nM or 5.51 nM) or left untreated (medium with 2% FBS) for
12 and 24 h. Supernatants were harvested and soluble dsDNA was analyzed in comparison
to a Lambda-DNA standard. The fluorescence emission intensity was measured at 535 nm
(excitation: 485 nm).
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2.15. Cell Viability

The trypan blue dye exclusion test was used to determine the number of viable
cells in cell suspension. The assay is based on the principle that viable cells possess
intact membranes that exclude the dye, whereas dead cells do not. Equal volumes of cell
suspensions and 0.4% trypan blue solution (Thermo Fisher Scientific, Waltham, MA, USA)
were mixed. After an incubation period of approx. 3 min at RT the assay was visually
examined to determine whether cells take up (nonviable cells) or exclude dye (viable cells).
The assay was performed in triplicates.

2.16. Statistical Analysis

All experiments were performed in duplicate in 3–4 biological replicates. Data were ex-
pressed as mean ± standard deviation (SD). Differences were evaluated by Student’s t-test
using the software GraphPad Prism® V 8.4.3 (GraphPad Software Inc., La Jolla, CA, USA),
p-values are denoted as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3. Results
3.1. Susceptibility of Caco-2 Cells to HCMV

In order to demonstrate the ability of HCMV to infect the colon carcinoma cell line
Caco-2 infected cells were analyzed by immunofluorescence. Analyses included immediate
early (IE; IE1), early (E; pUL44), and late (L; pp28) protein expression. Cover slip cultures
were infected for 7 d with a HCMV isolate (MOI 10) or mock-infected before fixation and
immunofluorescence. Expression of IE1 as well as pUL44 and pp28 was observed in Caco-2
cells (Figure 1A), thus showing the permissivity of Caco-2 for HCMV. For quantification
of the results, a flow cytometry analysis using IE1/IE2 and pp28 staining was established.
The immediate early proteins IE1/IE2 were detected in infected cultures. Mock-infected cells
served as controls. The analysis revealed that up to 72% of Caco-2 were infected with HCMV
compared to mock-infected cells (Figure 1B). Furthermore, analysis with antibodies against
the tegument protein pp28 confirmed the ability of Caco-2 to express all classes of HCMV
genes (Figure 1C). Caco-2 cells therefore showed semi-permissivity to HCMV infection.

Viruses 2021, 13, x FOR PEER REVIEW 7 of 19 
 

 

 

Figure 1. Qualitative and quantitative analysis of HCMV protein expression in Caco-2 cells. (A) Caco-2 cells were 

uninfected (mock) or infected with HCMV. After 7d p.i. the cells were subjected to immunofluorescence using antibodies 

against IE1/IE2 (immediate early), pUL44 (early) and pp28 (late). Mock-infected cells served as control. Size standard: 10 

μm. As a control we used mock-infected and infected HELF Fi301. Mock-infected and HCMV infected Caco-2 at 7d p.i. 

were subjected to flow cytometry using antibodies against IE1/IE2 (B) or pp28 (C) in order to quantify percent of infection. 

Values represent mean ± SD from three independent experiments. **** p < 0.0001, * p < 0.05. 

To investigate the protein expression in the viral life cycle Caco-2 cells were infected 

with HCMV TB40/E-pp150EGFP and analyzed by immunofluorescence at 1d, 3d, 5d, and 

7d p.i. Analysis included immediate early (IE; IE1/2; red), early (E; pUL44; ultraviolet) and 

late (L; pp150; GFP) protein expression. Mock-infected cells served as control. As 

anticipated, expression of IE1/2 and early proteins were detected during the whole time 

scale (Figure 2A), while pp150 expression was detected at day 5 p.i. (Figure 2B). The 

quantitative FACS analysis confirmed these data. Expression of IE 1/2 increased during 

infection from 1.56% at day 1 to 61.3% at day 7 and pUL44 increased from 0.49% at day 1 

to 3.61% at day 7. While expression ofpp150 was delayed and started at day 5 p.i. and 

increased to 1.21% at day 7 p.i. These experiments demonstrated that HCMV replicates in 

Caco-2 cells and leads to approximately 61% infection of the cells. 

Figure 1. Qualitative and quantitative analysis of HCMV protein expression in Caco-2 cells. (A) Caco-2 cells were uninfected
(mock) or infected with HCMV. After 7d p.i. the cells were subjected to immunofluorescence using antibodies against
IE1/IE2 (immediate early), pUL44 (early) and pp28 (late). Mock-infected cells served as control. Size standard: 10 µm.
As a control we used mock-infected and infected HELF Fi301. Mock-infected and HCMV infected Caco-2 at 7d p.i. were
subjected to flow cytometry using antibodies against IE1/IE2 (B) or pp28 (C) in order to quantify percent of infection.
Values represent mean ± SD from three independent experiments. **** p < 0.0001, * p < 0.05.

To investigate the protein expression in the viral life cycle Caco-2 cells were infected
with HCMV TB40/E-pp150EGFP and analyzed by immunofluorescence at 1d, 3d, 5d,
and 7d p.i. Analysis included immediate early (IE; IE1/2; red), early (E; pUL44; ultraviolet)
and late (L; pp150; GFP) protein expression. Mock-infected cells served as control. As an-
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ticipated, expression of IE1/2 and early proteins were detected during the whole time scale
(Figure 2A), while pp150 expression was detected at day 5 p.i. (Figure 2B). The quantitative
FACS analysis confirmed these data. Expression of IE 1/2 increased during infection from
1.56% at day 1 to 61.3% at day 7 and pUL44 increased from 0.49% at day 1 to 3.61% at day
7. While expression ofpp150 was delayed and started at day 5 p.i. and increased to 1.21%
at day 7 p.i. These experiments demonstrated that HCMV replicates in Caco-2 cells and
leads to approximately 61% infection of the cells.
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Figure 2. Qualitative and quantitative kinetic analysis of HCMV protein expression during the infectious cycle in Caco-2
cells. (A) Caco-2 cells were infected with HCMV-TB40/E-pp150EGFP (MOI 10) and after 1, 3, 5, and 7 d p.i. subjected to
immunofluorescence. Staining was performed by using GFP auto-fluorescence (Green, pp150, Late antigen) and antibodies
against IE1/2 (Red, DyLight 549, Immediate early antigen) and pUL44 (White, Alexa Fluor 647, Early antigen). Mock-
infected cells (168 hpi) served as control.Scale bar: 75 µm (B) Mock-infected and HCMV infected Caco-2 were after 1, 3 5
and 7d p.i. subjected to flow cytometry using antibodies against IE1/IE2 or pUL44 as well as GFP autofluorescence in order
to quantify the percent of infection. Values represent mean ± SD from three independent experiments. * p < 0.05.
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3.2. Growth Kinetics

To determine whether HCMV is able to replicate in Caco-2 cells, we harvested cells and
supernatants of HCMV or UV-irradiated HCMV (MOI 10) infected Caco-2 cells up to 168 h
p.i. The supernatants and cells were used to infect HELF Fi301. Viral titers were determined
by plaque reduction assay at indicated time points (Figure 3). Harvested supernatants
and cells from infected Caco-2 were able to infect HELF Fi301, while supernatants and
cells of UV-inactivated virus failed to replicate. At early time points viral yield decreases
as expected (Figure 3). Viral replication initiated at 96 h p.i.. After 7 day p.i. viral yield
increases to high viral titers. (Figure 3). In conclusion, it was demonstrated that HCMV
infections in Caco-2 release infected viruses that could infect HELF Fi301.
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Figure 3. Growth kinetics of HCMV or UV irradiated HCMV infected Caco-2 cells. At each time point, cells and supernatants
were harvestested and used for infection of HELF Fi301. As a control supernatants and cells from UV-iradiated virus were
used. Progeny virus titers were determined by plaque reduction assay. Error bars reprent standard deviations (SD) from
three independent experiments.

3.3. Expression Kinetic of IE1/2

To investigate the protein expression of IE1 and IE2 western blot analysis was carried
out. HCMV-infected Caco-2 cells were harvested at 0, 36, 96, and 168 h p.i, infected
HELF Fi301 at 168 h p.i. and subjected to immunoblot analysis using antibodies against
immediate-early proteins IE1 and IE2. Equal amount of proteins in all Caco-2 samples were
confirmed by using β-actin as loading control. Expression of IE1 72 kDa and IE2 82 kDa
was detected and increased during ongoing infection (Figure 4).
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Figure 4. Expression kinetic of IE1/IE2 in Caco-2 cells. HCMV-infected (lanes 1–4) and mock-infected
Caco-2 cells (lanes 6–9) were harvested at indicated time after infection (0, 36, 96, 168 h p.i.). HCMV
infected HELF Fi301 (lane 5) and mock-infected (lane 10) were harvested at 168 h p.i. Extracts were
separated by 10% SDS-PAGE and transferred to nitrocellulose. The immunoblot was reacted with
antibodies against IE1/2. Actin served as a loading control. Markers (kDa) are indicated on the left,
the positions of IE proteins on the right. The experiment was performed three independent times.

3.4. Genome Quantification

To further investigate the permissivity of Caco-2 cells the amount of HCMV genome
was quantified by real-time PCR. Mock-infected and infected cells were harvested at 36, 96,
and 168 h p.i. DNA was extracted and used for quantification of pp150 DNA copy numbers.
During infection pp150 copy numbers increased (Table 1). The significance of the results was
provided by biostatistics analysis by comparison with copy numbers of TB40/E BAC4 (Table 1).
These results showed that Caco-2 cells are susceptible for HCMV infection.

Table 1. HCMV pp150-DNA (copies per 500 ng) normalized to TB40/E BAC4.

Template Time Post Infection (h)

36 96 168

Inf. Caco-2 1.724 × 103 3.273 × 103 4.305 × 103

3.5. Antiviral Effect of Bortezomib on HCMV Infected Caco-2 Cells and Cytotoxicity

In order to prove the antiviral activity of bortezomib, plaque reduction assay were
performed. The results of the plaque reduction assays provided evidence for anti-HCMV
activity. Cells treated with various concentrations of bortezomib were dose dependently
protected against infection.

Theeffective concentrations (EC) of Bortezomib against HCMV were for mean EC50
value 4.01 ± 0.38 nM, the mean EC75 value 5.51 ± 0.10 nM and the mean EC90 value
6.08 ± 0.21 nM (Figure 5A).



Viruses 2021, 13, 83 10 of 17Viruses 2021, 13, x FOR PEER REVIEW 11 of 19 
 

 

 

 

Figure 5. Bortezomib inhibits HCMV infection of Caco-2 cells and its cytotoxicity. (A) Caco-2 cells 

were infected with the clinical isolate (MOI 10) in the presence of increasing concentrations of 

Bortezomib. At 7 d p.i. plaque reduction assay was performed. Plaque reduction is indicated as 

inhibition as a percentage of PFU obtained in the absence of Bortezomib. The mean 50% (EC50), 

75% (EC75), and 90% (EC90) effective concentrations range from 4.01 to 6.08 nM. Results were 

obtained from three independent experiments. Error bars represents the standard deviations. (B) 

Various concentrations of Bortezomib (mM) were added to Caco-2 cells. At 24 h, XTT cell 

proliferation assay was perfomed. Values are represented as percentage of untreated control cells. 

Data are mean values from three independent experiments. Error bars respresent the standard 

deviations. 

The cytotoxicity of Bortezomib was investigated to exclude that unspecific effects 

could affect its anti-HCMV activity. We exposed Caco-2 cells to several doses of 

Bortezomib. To determine the cytotoxicity of Bortezomib an XTT cell proliferation assay 

was performed. The mean 50% cytotoxic concentration (CC50) was 0.8.3 ± 0.07 mM after 

24 h of treatment (Figure 5B). This results demonstrated that bortezomib exhibits no 

cytotoxicity at concentration that are effective against HCMV. 

3.6. Effects of HCMV and Bortezomib on Apoptosis in Caco-2 Cells 

To prove whether HCMV infection and/or Bortezomib have a direct effect on 

apoptosis Annexin V binding, propidium iodide (PI) uptake, and presence of virus (IE 

staining, Figure 6A) was analyzed. Early apoptosis was defined as Annexin V+/PI- cells 

(Figure 6B), late apoptosis as Annexin V+/PI+ and Annexin V-/PI+- cells (Figure 7C), and 

viable cells as Annexin V-/PI- cells (Figure 6D). Mock-infected and infected Caco-2 (MOI 

10) were treated with increasing amounts of Bortezomib at 6 days p.i. and the analysis 

was subsequently performed at 4 h post treatment. Medium, DMSO (the solvent of the 

proteasome inhibitor), and staurosporin (STS) served as controls. In infected cells, a 

decrease in the apoptotic population (Annexin V+/PI--) was observed. Identical effects were 

detected in the late stage of apoptosis (Annexin V+/PI+ and Annexin V-/PI+) (Figure 6B). 

Figure 5. Bortezomib inhibits HCMV infection of Caco-2 cells and its cytotoxicity. (A) Caco-2
cells were infected with the clinical isolate (MOI 10) in the presence of increasing concentrations
of Bortezomib. At 7 d p.i. plaque reduction assay was performed. Plaque reduction is indicated
as inhibition as a percentage of PFU obtained in the absence of Bortezomib. The mean 50% (EC50),
75% (EC75), and 90% (EC90) effective concentrations range from 4.01 to 6.08 nM. Results were obtained
from three independent experiments. Error bars represents the standard deviations. (B) Various
concentrations of Bortezomib (mM) were added to Caco-2 cells. At 24 h, XTT cell proliferation assay
was perfomed. Values are represented as percentage of untreated control cells. Data are mean values
from three independent experiments. Error bars respresent the standard deviations.

The cytotoxicity of Bortezomib was investigated to exclude that unspecific effects
could affect its anti-HCMV activity. We exposed Caco-2 cells to several doses of Borte-
zomib. To determine the cytotoxicity of Bortezomib an XTT cell proliferation assay was
performed. The mean 50% cytotoxic concentration (CC50) was 0.8.3 ± 0.07 mM after 24 h of
treatment (Figure 5B). This results demonstrated that bortezomib exhibits no cytotoxicity
at concentration that are effective against HCMV.

3.6. Effects of HCMV and Bortezomib on Apoptosis in Caco-2 Cells

To prove whether HCMV infection and/or Bortezomib have a direct effect on apopto-
sis Annexin V binding, propidium iodide (PI) uptake, and presence of virus (IE staining,
Figure 6A) was analyzed. Early apoptosis was defined as Annexin V+/PI− cells (Figure 6B),
late apoptosis as Annexin V+/PI+ and Annexin V−/PI+- cells (Figure 7C), and viable cells
as Annexin V−/PI− cells (Figure 6D). Mock-infected and infected Caco-2 (MOI 10) were
treated with increasing amounts of Bortezomib at 6 days p.i. and the analysis was subse-
quently performed at 4 h post treatment. Medium, DMSO (the solvent of the proteasome
inhibitor), and staurosporin (STS) served as controls. In infected cells, a decrease in the
apoptotic population (Annexin V+/PI−) was observed. Identical effects were detected
in the late stage of apoptosis (Annexin V+/PI+ and Annexin V−/PI+) (Figure 6B). Treat-
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ment of cells with Bortezomib has an pro-apoptotic effect which is blocked by HCMV
(Figure 6B,C). Cell survival rates (Annexin V−/PI−) reflect the results described above
(Figure 6D). Overall, it was shown that (i) HCMV has a significant anti-apoptotic effect on
Caco-2, (ii) Bortezomib was not able to overcome this effect despite effectively inducing
apoptosis in uninfected cells.
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Figure 6. Effects of HCMV or Bortezomib on apoptosis in Caco-2 cells using flow cytometry. Mock-infected and HCMV
isolate infected Caco-2 cells were treated with medium or Bortezomib, the solvent DMSO or staurosporin (STS) for 4 h. Half of
the probe was used for detection of IE1/2 (A). The stages of apoptosis are shown (B) early stage (percentage of Annexin
V+/PI−cells), (C) late stage (Annexin V+/PI+) and Annexin V−/PI+− cells), and (D) viable cells (Annexin V−/PI− cells). In (B),
(C), and (D), the solid line indicate as references the position of the untreated mock-infected and the broken line those of the
untreated infected cells. Values represent mean ± SD from two independent experiments. ** p < 0.01, * p < 0.05.

3.7. HCMV Prevents Depolarization of the Mitochondrial Membrane and Blocks the Apoptotic
Effect of Bortezomib

To investigate the influence of HCMV and Bortezomib on very early stages of apopto-
sis, the JC-1 assay was used (Figure 7A). The ratio of staining of JC-1 dye is dependent on
mitochondrial membrane potential and changes indicate activation of the intrinsic pathway
of apoptosis resulting in loss of membrane potential. The infection and cultivation of
Caco-2 was carried out as described under 2.3. Subsequently, the cells were treated with
Bortezomib (4.01 nM [EC50], 5.51 nM [EC75]) for 12 h and 24 h or left untreated. The JC-1
fluorescence ratio (%) of infected and proteasome inhibitor-treated mock-infected and
infected Caco-2 was normalized against that of the mock-infected control. At both time
points HCMV-infected cells induced a significant decrease in the green/red fluorescence
intensity ratio compared to the mock-infected cells (Figure 7A, w/o). Bortezomib showed
the same trend in the infected Caco-2, and in addition after 24 h a decrease in mock-infected
cells. Moreover, after 12 h treatment of mock-infected cells with Bortezomib an increase
was observed (Figure 7A). Interestingly, after 24 h treated mock-infected cells showed a
significantly reduced effect. Staurisporin was used as control. These results demonstrated
that HCMV infection prevents the depolarisation of the mitochondrial transmembrane
regardless of the concentration of Bortezomib.

To further measure the extent of apoptosis, histone-associated DNA fragments of
the cytoplasmic fraction of cell lysates were detected by Cell Death Detection ELISAPlus
(Figure 7B). In addition, cell culture supernatants were used to assess necrosis of Caco-2 by
determination of dsDNA using the PicoGreen® assay (Figure 7C).

The analysis of histone-associated DNA revealed that HCMV leads to a reduced
effect on Caco-2 after 24 h (Figure 7B). Treatment of mock-infected cells with inhibitor
leads to an increase of histone-associated DNA after 12 h, while after 24 h a decrease
was observed. After 24 h, treatment with Bortezomib infected cells showed a decrease of
histone-associated DNA (Figure 7B). Further analysis of dsDNA demonstrated that the
effects of HCMV and Bortezomib are not due to necrosis (Figure 7C). In conclusion, these
studies showed that in the cancer cells HCMV had an inhibitory effect on very early events
of the apoptosis cascade. In the mock-infected Caco-2, Bortezomib initially showed a slight
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pro-apoptotic effect which over time became anti-apoptotic. At later stages of apoptosis
both HCMV and Bortezomib show a similar trend.
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Figure 7. Effects of HCMV or Bortezomib on early stages of cell death in Caco-2 cells. (A) Mock-
infected and HCMV isolate infected Caco-2 cells were treated with Bortezomib (4.01 nM (EC50);
5.51 nM (EC75) or left untreated (0.00 nM). 12 and 24 h after treatment JC-1 Mitochondrial Membrane
Potential assay was performed. The JC-1 fluorescence ratio (%) of infected and proteasome inhibitor-
treated mock-infected and infected Caco-2 was normalized against that of the mock-infected control
(defined as 100%, solid line). (B) The infection as well as the treatment of the cells was identical to
(A). The values of the absorption of the Cell Death Detection ELISAPlus were shown as percentage
of the control. (C) From the cell culture supernatants of the above described cell treatments, dsDNA
concentration was determined by PicoGreen® assay. Values represent mean ± SD from three inde-
pendent experiments. *,** Untreated infected Caco-2, bortezomib-treated mock-infected and infected
Caco-2 compared with mock-infected Caco-2. #,## Comparison of bortezomib-treated infected with
bortezomib-treated mock-infected Caco-2. $$ 24-h bortezomib treatment of mock-infected Caco-2
was compared to the corresponding 12-h treatment. *,# p < 0.05 **,##,$$ p < 0.01.
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3.8. HCMV Infection of Caco-2 by Co-Culture with Infected HELF Fi301

HCMV in vivo is efficiently spread via cell-to-cell infection. Tumor cells are often found
in a matrix of HCMV-permissive fibroblasts and other cells. In order to investigate the
infection rate of the co-culture (Caco-2 and HELF Fi301)) with those of the Caco-2 mono-culture,
all cells were infected (MOI 10). Furthermore, the infection of Caco-2 was carried out with
co-culturing HCMV-infected HELF Fi301 (mixed in the ratio 2:1). The fibroblasts were used
after obtaining a 100% CPE. After 7d p.i. plaque assays were performed. For both co-cultures
(infected co-culture, Caco-2 + infected HELF Fi301) significantly higher total infection rates
were detectable compared to those of the infected mono-culture (Figure S1A). In conclusion,
the results demonstrate that the co-culture of Caco-2 with HCMV-infected HELF Fi301 is an
efficient and effective method of infection. In addition, depending on the number of cells as
well as on the HCMV titer, either a cytopathic effect (CPE) or a proliferation increase with a
high infection rate could be induced in the Caco-2 cell line (Figure S1B).

3.9. Effects of Co-Culture on Apoptosis

The trypan blue exclusion test was used to examine the proliferation and viability
of mock-infected and infected Caco-2 mono- and co-cultures. The cultures were treated
for 7 days with increasing amounts of Bortezomib. Untreated cells (w/o) and treatment
with the solvent DMSO served as controls. HCMV infection resulted in a significantly
reduced cell proliferation in the mono-culture compared to the mock-infected control.
In comparison to the mono-culture, the mock-infected co-culture showed a much higher
effect, whereas the infected co-culture had a higher significant effect (Figure 8A). Borte-
zomib treatment led to a reduced cell proliferation in the mono- as well as the co-culture,
depending on the concentration (Figure 8A,). Even more, the effect of bortezomib was
significantly reduced by HCMV infection (Figure 8A). Untreated mock-infected as well
as infected co-culture showed a similar viability (Figure 8B, left). For the proteasome
inhibitor Bortezomib, apoptotic effects were found in the mono-culture depending on the
concentration (Figure 8B, left). In co-cultures, this effect in cells treated with Bortezomib
was significant but less pronounced (Figure 8B, right).
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Figure 8. Proliferation and viability effects of Caco 2 mono- and co-cultures. Mock-infected and infected Caco-2 cells
were treated with Bortezomib, the solvent DMSO or left untreated. Seven days after treatment, proliferation and viability
were analyzed using the trypan blue exclusion assay. (A) Total number of cells (× 105) of untreated, Bortezomib treated
and the solvent treated cultures. (B) Cell viability (%). In the graph, the solid line indicates the level of the values of the
mock-infected control of the Caco-2 mono- and co-cultures and the dashed line those of the infected cultures. *, ** Infected
vs. mock-infected Caco-2 and bortezomib-treated mock-infected and infected Caco-2 vs. appropriately infected Caco-2.
Values represent mean ± SD from three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

4. Discussion

In order to demonstrate the ability of clinical isolates, as well as a low passaged GFP-
tagged pp150 HCMV, to infect colon carcinoma cell lines, detection of immediate early,
early, and late proteins were performed in infected cells. By immunofluorescence and flow
cytometry all classes of viral proteins were observed. Growth kinetics demonstrated that
virus released from Caco-2 cells is able to infect HELF. The phenomenon of viral replication
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enhancement by high initial titers is well known in cytomegalovirus research, particularly
with IE1 deficient viruses [39]. This implies that the principle barrier to infection in this cell
type is immediately post-infection. In addition, it was shown by plaque reduction assay
that infected Caco-2 cells were able to infect neighboring cells by cell-to-cell spread. This is
in contrast to the observation of Jarvis et al. [40] where virus (MOI 25; strain Towne) was
released from the cells but cell-to-cell spread was not observed. Interestingly, by using
the laboratory HCMV strain AD169 Esclatine et al. [41] were able to infect Caco-2 cells.
This group observed 40% IE positive cells and 5% E- and L-positive cells. In contrast to
laboratory strains, our HCMV clinical isolate as well as TB40/E-pp150EGFP are able to
infect a wider range of cell types due to retention of the gH/gL/UL128/UL130/UL131
pentamer. The use of alternative receptors explains higher infection rates of approximately
70%. Furthermore, it has been demonstrated that infection rates also affected by access
of HCMV to the cell surface receptor [42]. The presence of the pentamer could therefore
enable HCMV to bind efficiently to the cell surface receptor. Laboratory strains lose their
ability to infect many cell types because of the passage of viruses in fibroblasts leading to
an accumulation of mutations [2]. Similar to our results Ryckman et al. [43] demonstrated
that they were able to infect more cells (90% of epithelial ARPE-19) by using a low passage
HCMV isolate. In summary, we could show that Caco-2 cells were susceptible to HCMV
low passaged viruses. Furthermore, we demonstrated that infected Caco-2 cell are able
to infect HELF Fi301 thus confirming that Caco-2 cells are semi-permissive for HCMV.
Increasing protein expression as well as virus genome in infections underline the semi-
permissiveness of Caco-2 cells.

Many viruses encode proteins that inhibit apoptosis, one of the main function of
the innate defence mechanism against viral infection. It is known that HCMV encodes
several cell death inhibitors (e.g., vMIA, vICA) that overcome mitochondrion-mediated
apoptosis [24–26]. vMIA inactivates Bax by direct binding causing changes of Bax as
well as mitochondrial translocation [24,43]. In addition, it has been reported that vMIA
has another anti-apoptotic effect (Bax-independent), it leads to mitochondrial hyperpolar-
ization [24]. In the present study, we provide evidence that in the colon-carcinoma cell
line HCMV infection has a significant inhibitory effect on apoptosis. Our results showed
that in the cancer cells HCMV stabilizes the mitochondria membrane thus preventing the
depolarization of the membrane. These findings are in line with the known function of
vMIA [24,43,44].

Furthermore, herpesviruses such as EBV [45], HSV-1 [46], and HCMV [47] have
evolved mechanisms to inhibit necroptosis, thus preventing host-antiviral defense. Necrop-
tosis is an alternative programmed cell death induced by signaling complexes containing
receptor-interacting protein kinase-1 (RIPK1) and –kinase-3 (RIPK3). This form of cell death
is thought to be a host defense to eliminate pathogen-infected cells. HCMV has developed
a strategy distinct from RHIM signaling. HCMV blocks RIP3-dependent necroptosis by
suppression with an IE-1 regulated protein [47]. However, the complete mechanism is still
unknown. In the present study, Bortezomib showed a pro-apoptotic (necroptosis) effect in
colon carcinoma cells.

Overall, an active proteasome is a prerequisite for multiple events in HCMV life
cycle. In this regard, Bortezomib is an attractive target for therapeutic interventions.
In addition, Bortezomib is widely used for treatment of patients with multiple myeloma.
A Bortezomib-containing regiment could be either as a single drug or in combination.
However, increasing numbers of studies have showed that multiple myeloma patients
treated with Bortezomib-based regimens are at higher risk of developing a symptomatic
CMV reactivation after autologous stem cell transplantation [48–50]. Li et al. [51] provided
evidence that Bortezomib reduce the number of T lymphocytes resulting in susceptibility to
HCMV infection. Together with our findings, this suggests that treatment with Bortezomib
in HCMV positive patients could lead to a failure of therapy. Furthermore, our in vitro
data in Caco-2 cells points to the unsuitability of Bortezomib as an anti-cancer drug against
colon tumors in the presence of HCMV.
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In order to model the in vivo situation where tumor cells are surrounded by cancer-
associated fibroblasts (CAFs), we used co-cultivation studies with HELF and Caco-2 [52].
CAFs facilitate the growth, proliferation, and cell invasion of tumors [53,54]. CAFs are a
subpopulation of cells of the tumor microenvironment and important for encouraging tumor
progression [55]. Interestingly, we could show that co-cultivation of HCMV infected HELF
Fi301 with Caco-2 cells leads to infection of Caco-2 cells. Even more, supernatants from infected
Caco-2 cells infect HELF cells. Thus leading to the hypothesis that HCMV can invade tumor
cells and may induce tumor progression by preventing apoptosis and necroptosis.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4915/
13/1/83/s1, Figure S1: Effects of co-culture and co-infection on the HCMV infection of the Caco-2 cells.
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