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Abstract:

 Viruses modulate a number of host biological responses including the cell cycle to favor their replication. In this study, we developed a high-content imaging (HCI) assay to measure DNA content and identify different phases of the cell cycle. We then investigated the potential effects of cell cycle arrest on Ebola virus (EBOV) infection. Cells arrested in G1 phase by serum starvation or G1/S phase using aphidicolin or G2/M phase using nocodazole showed much reduced EBOV infection compared to the untreated control. Release of cells from serum starvation or aphidicolin block resulted in a time-dependent increase in the percentage of EBOV infected cells. The effect of EBOV infection on cell cycle progression was found to be cell-type dependent. Infection of asynchronous MCF-10A cells with EBOV resulted in a reduced number of cells in G2/M phase with concomitant increase of cells in G1 phase. However, these effects were not observed in HeLa or A549 cells. Together, our studies suggest that EBOV requires actively proliferating cells for efficient replication. Furthermore, multiplexing of HCI based assays to detect viral infection, cell cycle status and other phenotypic changes in a single cell population will provide useful information during screening campaigns using siRNA and small molecule therapeutics.
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1. Introduction

The filoviruses, marburgviruses and ebolaviruses, are non-segmented single-stranded negative RNA viruses that cause severe hemorrhagic fever with a mortality rate ranging up to 90% in humans [1]. The development of efficacious therapeutics against filoviruses is hampered, in part, by our limited knowledge of the mechanisms of virus/host interactions at the molecular level and in part, by lack of suitable tools and methods to screen large libraries of small molecules or siRNAs. Recently, we reported the development of a high-throughput, high-content image based screening platform to discover novel regulators of EBOV infection [2,3]. Furthermore, these assays can be applied for siRNA screens to identify or validate host factors regulating filovirus infections [4]. The antiviral inhibitors identified from such primary screens can potentially restrict host cell functions that are critical for cellular growth [5]. One of the simplest form of inhibition is restricting cellular proliferation to varying degrees that eventually causes cell death [6].

There is growing evidence that a number of different viruses target the host cell cycle to promote their replication [7]. Depending on the virus category (DNA, RNA or retroviruses), some viruses cause arrest of cells in particular phase of cell cycle so that they can replicate in the resting cells, while others induce proliferation of arrested cells [7,8]. For example, negative strand RNA viruses like, influenza A/WSN/33 (H1N1) prevent the entry of cells from G0/G1 to S (synthesis) phase of the cell cycle [9], while positive strand RNA viruses like infectious bronchitis virus (IBV) induce a G2/M (mitotic)‑phase arrest in infected cells [8,10,11]. Thus, by arresting cells in different stages of the cell cycle these viruses provide favorable conditions for their own replication. At the molecular level, the anaphase promoting complex or cyclosome (APC/C), a multi component ubiquitin ligase and a master cell cycle regulator, is targeted by a number of viruses for their replication [11]. Although, there is no direct evidence to suggest that filoviruses modulate the host cell cycle machinery for their replication, gene expression studies in splenocytes obtained from mice infected with EBOV showed significant down regulation of genes associated with the cell cycle regulation pathways [12].

Traditionally, cell cycle studies are performed using flow cytometry, wherein DNA dye such as propidium iodide is used to generate characteristic nuclear DNA content profiles. Additional methods to study cell cycle include measuring the expression patterns of proliferating cell nuclear antigen (PCNA, a marker of G1/S progression) and cyclin B1 (a marker for G2/M transition) by using flow cytometry or immunofluorescence [13]. A multiplex assay utilizing a combination of DNA stains 7‑AAD and BrDU, a nucleoside analog that gets incorporated into newly synthesized DNA, can also be used to resolve cell cycle phases using flow cytometry. More recently high-content imaging (HCI) technology is applied to study the effect of therapeutics on cell cycle at the single cell level [14]. The advantage of using HCI is that the during image analysis, several hundreds of cellular features can be extracted at the single cell level [14]. Phenotypic features such as intensity and localization of fluorescently labeled cellular components such as DNA or protein as well as the size, number, texture and shape of subcellular compartments can be extracted to generate information on biological processes such as cell cycle status, cytotoxicity and alternations in cell morphology [15].

In this study, we first optimized a high-content imaging assay to detect population of cells that are forced to accumulate in certain stages of cell cycle following serum starvation or treatment with specific inhibitors of cell cycle. We then investigated the potential effects of cell cycle arrest on EBOV infection. Cells arrested in G1 phase by serum starvation or G1/S or G2/M phase using aphidicolin and nocodazole respectively, and then infected with EBOV showed reduced virus infection. EBOV infection by itself caused increased accumulation of cells in G1 phase, although this effect was found to be cell type dependent. The implications of these findings are discussed.



2. Results and Discussion


2.1. Image Based Quantitative Analysis to Determine Cell Cycle Phase

To measure the DNA content and analyze the different phases of the cell cycle by HCI, a multiplex assay was set up. HeLa cells were seeded overnight in 96 well imaging plates, and then treated with EdU (5-ethynyl-2'-deoxyuridine) for 3 h. After fixation the cells were labelled with alexa 488 conjugated small molecule to detect EdU (based on Click-iT® EdU chemisty, Invitrogen) and with antibody against phospho histone 3 (pH3). Cells were subsequently stained with Hoechst 33342 dye, to measure the DNA content based on the nuclear intensity. Cells were defined to be in the S phase by incorporation of the thymidine analog EdU and M phase by immunostaining for the mitotic marker phospho-histone H3 (pH3). Nuclei that were not labelled with EdU or pH3 could be cells that are in G1 or G2 phase. Representative images of cells stained with EdU, Hoechst 33342 and anti pH3 antibody are shown in Figure 1A. During image analysis, normalized integrated nuclear intensity (NINI, (integrated nuclear intensity/total number of nuclei) data derived from Hoechst staining of DNA was collected for all the cells that were imaged. As expected there was an increase in the NINI value in mitotic cells (pH3 labelled cells) that corresponds to 4N DNA content, when compared to cells in S phase or unlabelled cells (Figure 1B). The cells that were not labelled by EdU or pH3 should be in G0/G1 (2N DNA) and G2 (4N DNA) phase. For convenience G0/G1 is simply referred to as G1 phase as they have the same DNA content. Results from these data suggest that if the NINI values for a population of cells treated with compound or siRNA differ significantly from the untreated controls, then it may reflect major changes in cell cycle events in that specific population.

Figure 1. Cell cycle analysis using high-content imaging. (A) Representative images of HeLa cells stained with EdU (marker of S phase), pH3 (a marker of M phase) and Hoechst 33342 (marker of DNA). (B) Bar graph showing the population of cells in different phases of cell cycle based on normalized integrated nuclear intensity (NINI) derived from the DNA binding dye (Hoechst 33342). NINI value is calculated by measuring the integrated nuclear intensity divided by the number of nuclei within each well. The NINI values derived from mitotic nuclei (pH3 labeled) indicate 4N DNA content, while NINI values for S phase (EdU marked nuclei) range between 0.5 and 1X NINI values of pH3 (2N to 4N DNA content). (C,D) HeLa cells were treated with indicated concentrations of nocodazole (C) or aphidicolin (D) for 12 h and then fixed and stained with Hoechst 33342 dye. Cells were imaged and analyzed to extract and calculate the NINI values. (C) A dose-dependent increase in NINI values, which corresponds 4N DNA content and a block in G2/M phase was observed with nocodazole. (D) Treatment with low aphidicolin concentrations (0.03 and 0.3 μM) results in increasing NINI values which corresponds to a block in G2/M phase, while high aphidicolin concentrations (3 and 30 μM) results in NINI values that correspond to G1 phase. (E) HeLa cells were serum starved for 24 h, then fixed and stained with Hoechst 33342 dye. Images were analyzed to extract the NINI values. Serums starved cells showed reduced NINI values compared to control cells incubated with complete medium. Scale bar, 20 µm.
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To further confirm these observations, HeLa cells were treated with known inhibitors that block cells in specific phase of cell cycle and images were analyzed to extract the NINI value. The inhibitor nocodazole is known to inhibit polymerization of microtubules and cause arrest in G2/M phase with 4N DNA content. As expected, our data showed a dose dependent increase in the relative NINI value that corresponds to 4N DNA content compared to untreated control cells (Figure 1C). The compound aphidicolin is known to inhibit DNA polymerase α and can effectively block cells from DNA replication and subsequently arrest cells in the G1/S boundary [17]. HeLa cells treated with low concentrations of aphidicolin (0.03 and 0.3 µM) were arrested in the G2/M phase as measured by an increase in the NINI values. At high aphidicolin concentrations (3 and 30 µM), the NINI values were similar to the untreated control cells, which possibly corresponds to the G1 phase (Figure 1D). Finally, serum starvation of HeLa cells arrested cells in G1 phase, as they showed enrichment of cells with lower NINI value corresponding to 2N DNA content when compared to control cells incubated with medium containing serum (Figure 1E). Based on these observations, we conclude that measurement of the NINI values based on Hoechst 33342 dye staining, can be used to broadly identify cell populations that are accumulating in certain stages of cell cycle compared to control cycling cells.





2.2. Serum Starved Cells Restrict EBOV Infection

To investigate the influence of cell cycle arrest on Ebola virus (EBOV) infection, HeLa cells were serum starved for 24 h and then infected with varying (0.1, 0.5, 2.5 or 5) multiplicity of infection (MOI) of EBOV in medium containing serum. After 1 h virus was removed and cells were incubated for 24 h. To detect EBOV, fixed cells were stained with anti GP antibody to detect the viral glycoprotein (GP) and acquired images were analyzed to calculate the percentage of infected cells. As shown in Figure 2A, serum starved cells showed much reduced percentage of EBOV infected cells compared to cells incubated with complete medium. A reduced EBOV infection was also observed in serum starved A549 (human lung adenocarcinoma cell line) and MCF-10A (human non-transformed mammary epithelial cell line) cells (data not shown). These results suggest that EBOV cannot infect efficiently in cells blocked in G1 phase of the cell cycle. However, if cells are released from the growth arrest by addition of medium containing serum, and infected 3 h or 6 h after the release, a time‑dependant increase in EBOV infection (Figure 2B) and corresponding increase in NINI values (Figure 2C) was observed. Thus, these studies further confirm that EBOV requires actively dividing cells for efficient infection.

Figure 2. Ebola virus (EBOV) infection is restricted in serum starved HeLa cells. (A) HeLa cells were serum starved for 24 h and then infected with different MOI of EBOV for 24 h in complete medium. Cells were stained with anti-GP antibody (6D8) and imaged. Image analysis showed reduced EBOV infection in serum starved cells compared to control cells. (B,C) HeLa cells were serum starved for 24 h and then infected at 0, 3 h and 6 h following release from the block with 5 MOI of EBOV. After 24 h, cells were fixed, stained with anti-GP antibody (6D8) and Hoechst 33342 dye, and acquired images were analyzed. A time-dependent increase in the EBOV infection (B) and increase in NINI values based on Hoechst 33342 dye (C) was observed.
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2.3. Cell Cycle Chemical Inhibitors Regulate EBOV Infection

To test the effects of the cell cycle inhibitor aphidicolin on EBOV infection, HeLa cells were treated with different concentrations of aphidicolin for 12 h, washed to remove the inhibitor and then infected with 5 MOI of EBOV. As shown in Figure 3A, a dose dependent decrease in percentage of EBOV infected cells is observed. Representative images of EBOV infected HeLa cells that were pre‑treated with DMSO control or aphidicolin (3 µM) are shown in Figure 3B. Parallel experiments with A549 and MCF-10A cells also showed a dose dependent reduction of EBOV infection (Figure 3C). The efficiency of EBOV infection was then studied in cells that were released from the aphidicolin mediated cell cycle arrest at different time points. HeLa cells were pretreated with aphidicolin for 12 h, washed and replaced with complete medium. At time points of 0, 3 and 6 h, the cells were infected with EBOV for 24 h. A time-dependent increase in EBOV infection was observed (Figure 3D) and found to correlate with normal cell cycle progression (data not shown).

Figure 3. Aphidicolin restricts EBOV infection. (A) HeLa cells were pretreated with DMSO control or with indicated concentrations of aphidicolin for 12 h and then infected with 5 MOI of EBOV for 24 h in the absence of the inhibitor. A dose-dependent decrease in percentage of EBOV infected cells was observed. (B) Representative images of HeLa cells infected with EBOV and stained with anti-GP antibody (6D8) (green) and nuclear Hoechst dye (blue), following pretreatment with DMSO (top panel) or aphidicolin (3 μM, bottom panel). (C) A549 or MCF10A cells were pretreated for 12 h with DMSO control or with 0.3 μM or 3 µM aphidicolin and then infected with 5 MOI of EBOV for 24 h in the absence the inhibitor. A dose-dependent decrease in percentage of EBOV infected cells was observed. (D) HeLa cells were released from aphidicolin block and infected with EBOV at 0, 3 or 6 h post-release. Results show a time-dependent increase in efficiency of EBOV infection. Scale bar, 20 µm.
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Treatment of HeLa cells with different concentrations of nocodazole also showed a dose-dependent reduction in EBOV infection (Figure 4A). Representative images of EBOV infected cells that were pretreated with DMSO control or nocodazole (10 µM) are shown in Figure 4B. Similar, results were observed in nocodazole treated A549 and MCF-10A cells (Figure 4C). However unlike serum starvation or aphidicolin treatments, the release from nocodazole inhibition prior to infection did not result in time-dependent increase of EBOV infection (Figure 4D). One possible reason is that cells have not yet reached the appropriate cell cycle phase for the virus to establish infection. Further characterization such as kinetics of infection and its impact on cell cycle is required to address the mechanism of action. Collectively our data suggests that EBOV infection is favored in actively proliferating cells.

Figure 4. Nocodazole restricts EBOV infection. (A) HeLa cells were pretreated for 12 h with DMSO control or with indicated concentrations of nocodazole, and then infected with 5 MOI of EBOV for 24 h in the absence of the inhibitor. A dose dependent decrease in virus infection was observed. (B) Representative images of HeLa cells infected with EBOV and stained with anti-GP antibody (6D8) (green) and nuclear Hoechst dye (blue), following pretreatment with DMSO (top panel) or nocodazole (10 µM, bottom panel). (C) A549 or MCF-10A cells were pretreated with DMSO control or with 0.1, 1 or 10 µM nocodazole and then infected with 5 MOI of EBOV for 24 h in the absence of the inhibitor. Both A549 and MCF-10A cells showed reduced infection with increasing concentrations of nocodazole. (D) HeLa cells were released from nocodazole block and at time points of 0, 3 and 6 h, post release were infected for 24 h with 5 MOI of EBOV. Removal of nocodazole block did not restore the EBOV infection. Scale bar, 20 µm.
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2.4. Modulation of Cell Cycle by EBOV Is Cell Type Dependent

To determine whether normal cell cycle progression could be inhibited by EBOV, HeLa cells were infected with 0, 2.5, 5 or 10 MOI of EBOV for 24 h (Figure 5A) and analyzed by flow cytometry following propidium iodide staining. At 24 h, there was no difference in the cell cycle profile between the uninfected and the EBOV infected cells, with majority of the cells accumulated in G0/G1 phase (Figure 5A). At 48 h, there was an increase in cell death with increasing MOI of the virus (data not shown). Cell cycle analysis of EBOV infected A549 cells also did not display any cell cycle defects (data not shown). On the contrary, EBOV infection of MCF-10A cells showed an approximately 2 fold decrease in the percentage of cells in G2/M phase (Figure 5B) and increase accumulation of cells in G1 phase (Figure 5C). The observed difference in EBOV mediated cell cycle modulation between HeLa and MCF10A cells could be due to the nature of cell type. HeLa cells are transformed and aneuploid where as MCF10A are near diploid and untransformed.

Figure 5. EBOV increases G0/G1 subpopulation in MCF-10A cells but not in HeLa cells. (A,B) HeLa cells plated in 10 cm dishes were infected with EBOV at 0, 2.5, 5 or 10 MOI for 24 h (A) and then subjected to flow cytometry for cell cycle analysis. (C) EBOV infection in MCF-10A cells caused an approximately 2 fold reduction in G2/M phase (B) and concomitant increase in accumulation of cells in G1 phase (C).
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3. Experimental Section

HeLa, A549 and MCF-10A cells were obtained from ATCC (Rockville, MD) and grown in a 5% CO2 humidified incubator at 37 °C. HeLa and A549 cells were cultured in Dulbecco’s Modified Eagle's Medium (DMEM) and F-12K medium (ATCC, cat # 30-2004) respectively containing 10% heat inactivated fetal bovine serum (FBS). The growth media for MCF-10A contains several additives and is composed of DMEM/F12 media supplemented with 5% horse serum, 20 ng/mL epidermal growth factor (EGF, Peprotech), 10 μg/mL insulin (Sigma), 0.5 μg/mL hydrocortisone (Sigma, H-0888) and 100 ng/mL cholera toxin [16]. Medium containing all the required ingredients for growth of the individual cells is referred to in the text as complete medium. For all High-content imaging experiments, HeLa, A549 and MCF-10A cells were seeded at a density of 15,000 cells/well in 96-well imaging plates (Greiner Bio-one, Monroe, NC). For flow cytometry studies, cells were seeded at 1 × 106 cells per 10 cm tissue culture treated plates.


3.1. Serum Starvation

HeLa, MCF-10A or A549 cells were seeded in 96 well imaging plate (15,000 cells/well). Next day cells were either left untreated or washed and incubated with serum free medium for 24 h. To release the cells from the cell cycle block, cells were washed with regular medium containing serum and further incubated in complete medium for the time points indicated in the experiments. All experiments were performed in triplicates and repeated two independent times.



3.2. Compound Treatments

Nocodazole (Sigma, M1404) and aphidicolin (Sigma A0781) stock solutions were made in DMSO and diluted to the required concentrations in the respective culture media. For all experiments, cells were incubated with the appropriate concentrations of the inhibitors for 12 h. For the release experiments, compound treated cells were washed and replaced with complete medium.



3.3. Ebola Virus Infection and Staining for High-Content Imaging

For Ebola infection assays, HeLa or A549 or MCF-10A cells seeded in 96-well imaging plates were either left untreated or treated with different conditions (serum starvation or cell cycle inhibitors). After appropriate time points, cells were washed and infected with Ebola virus (EBOV) variant Kitwit at different time points and with different MOI, as indicated in the individual experiments. After 24 h, cells were fixed in 10% formalin for 3 days before processing for immunofluorescence staining. Cells were washed with PBS and then incubated at room temperature (RT) with blocking buffer (3% Bovine serum albumin (BSA)-PBS). For detecting viral GP expression, cells were incubated with anti-GP (6D8) antibody for 1 h at RT. After washing cells were stained for 1 h at RT with goat anti-mouse Alexa Fluor® 488 secondary antibody. The cells were washed with PBS and then stained with the HCS cellmask Deep Red cytoplasmic/nuclear stain (Invitrogen, 5 mg/mL diluted in PBS) and nuclear dye Hoechst 33342 (Invitrogen, 1 mg/mL diluted in PBS). All EBOV infection experiments were performed in triplicates and repeated at least two independent times.



3.4. EdU and pH3 Labeling

For EdU labeling and detection, the Click-iT® EdU Alexa Fluor® 488 Imaging Kit (C10337, Invitrogen, Carlsbad, CA, USA) was used as per manufacturers suggested protocol. Briefly, Hela cells grown to 50% confluence in 96 well imaging plate were incubated with 10 μM EdU for 3 h prior to fixation with 3.7% formaldehyde. Cells were then washed in PBS, permeabilized for 10 min with 0.5% Triton X-100 in PBS and again washed in PBS. To detect EdU, cells were incubated for 30 min with Click-iT® reaction cocktail followed by washing with Click-iT® reaction rinse buffer. Mitotic cells were detected using Phospho histone 3 primary antibody (Cell signaling Technology, Danvers, MA, USA) and Alexa Fluor® 568 Goat Anti-Rabbit secondary antibody (Invitrogen, A-11011). After washing cells were stained with the nuclear dye Hoechst 33342 dye. All labeling experiments were performed in triplicates and repeated two independent times.



3.5. Image Acquisition

Automated image acquisition was performed using an Opera confocal reader (model 5025-Quadruple Excitation High Sensitivity [QEHS], PerkinElmer, Waltham, MA, USA). Images were acquired as 2 exposures using a 10× air objective and a bin fac­tor of 1. The first exposure used the 488-nm and 640-nm lasers to excite the viral and cell body fluorophores, respectively, and was directed to the sample with a 405/488/640-nm triple dichroic. The emission light was split by a 580-nm SP dichroic mirror and collected on separate cameras through 562/40-nm and 690/70-nm band-pass filters. The second exposure used the 405-nm and 561-nm lasers to excite the nuclear and Alexa Fluor® 568 respectively, and was directed to the sample with a 405/561/640-nm triple dichroic.



3.6. Image Analysis

Images were analyzed within the Opera environment using standard Acapella scripts. The algorithm was used to identify objects such as nuclei based on Hoechst dye and cytoplasm based on CellMask™ Deep Red cytoplasmic/nuclear stain. The intensity and subcellular localization of viral infection was determined by Alexa Fluor® 488 fluorescence. For each condition, images from 6 fields/well (~1,700 cells) were acquired with the script calculating the percent positive cells and the mean fluorescence intensities in the cytoplasmic, membrane, or nuclear region (for 488 fluorescence) and nuclear size, nuclear intensities using Hoechst channel. To calculate the normalized integrated nuclear intensity (NINI), total integrated nuclear intensity based on Hoechst channel was divided by the total number of nuclei per well.



3.7. Flow Cytometry Analysis

HeLa, A549 and MCF-10A cells were infected with EBOV for 24 or 48 h. Adherent cells were removed with trypsin and suspended in PBS. The recovered cells were then fixed with 70% ice cold ethanol for a minimum of 1 h before being washed in cold PBS. All samples were incubated at 37 °C with 0.5mg/mL RNAse A (Qiagen) for 1 h before the addition of 10 μL of 1mg/mL propidium iodide solution (Sigma). Samples were acquired on a Beckman Coulter Gallios with a stopping gate of 100,000 total events and analyzed with FlowJo software (Treestar).




4. Conclusions

In this study, we report the development of an HCI assay to quantitate different phases of cell cycle. During image analysis, the “integrated nuclear intensity” measurement based on nuclear dye Hoechst 33342 was normalized with cell number data to allow rapid evaluation of cells arrested in different phases of cell cycle. An added advantage of image-based cell cycle analysis is it can distinguish G2 and M phase of the cells, as the latter have smaller nuclei (data not shown). On the contrary flow cytometry analysis of cell cycle which is based on DNA stain alone cannot distinguish cells in G2 and M phase (both have the same 4N DNA content). During HCI based small molecule screening, there is the possibility that the compounds may target multiple pathways and thereby block cells in certain phase of cell cycle. Our future studies will focus on extending our current methods to extract other phenotypic features such as nuclear size, nuclear intensity, morphology and texture and analyze cell cycle at the single cell level using image-based flow cytometry tools.

Application of HCI assay to study the interactions between EBOV and cell cycle revealed that cells blocked in specific phase of cell cycle restrict EBOV infection. Cells blocked in G1 phase by serum starvation or G2/M phase following nocodazole treatment or G1/S phase by aphidicolin all restricted EBOV infection. Previously published reports show that nocodazole could potentially inhibit EBOV at the entry level [21] or during virus egress [22]. Release of cell cycle block induced by serum starvation or aphidicolin resulted in time-dependent increase of EBOV infection. Thus these results suggest that actively proliferating cells are required for EBOV infection. There is also the possibility that other cellular pathways such as mTOR and autophagy that are activated upon serum starvation [24] may potentially modulate EBOV infection. Understanding, the cellular pathways and molecular mechanisms mediating this potent antiviral effect during serum starvation or using known cell cycle inhibitors is crucial for both therapeutic discovery and to understand the basic biology of EBOV infection

The ability of EBOV to manipulate cell cycle progression was studied in three different cell types. Interestingly, infection of MCF-10A cells caused accumulation of cells in G1 phase and concomitant decrease of cells in G2/M phase. However, EBOV infection of HeLa or A549 cells did not modulate cell cycle progression.

Collectively, our data suggests that EBOV requires actively dividing cells for efficient infection and EBOV may provide a favourable condition for viral production by inducing a G1 phase cell cycle arrest in infected cells in a cell type dependent manner.
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