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Abstract:

Viral infections represent 44% of newly emerging infections, and as is shown by the COVID-19
outbreak constitute a major risk to human health and wellbeing. Although there are many efficient
antiviral agents, they still have drawbacks such as development of virus resistance and
accumulation within off-target organs. Encapsulation of antiviral agents into nanoparticles (NPs)
has been shown to improve bioavailability, control release, and reduce side effects. However, there
is little quantitative understanding of how the uptake of NPs into virally infected cells compares
to uninfected cells. In this work, the uptake of fluorescently labeled polymer NPs was investigated
in several models of rhinovirus (RV) infected cells. Different multiplicities of RV infections (MOI)
and timings of NPs uptake were also investigated. In some cases, RV infection resulted in a
significant increase of NPs uptake, but this was not universally noted. For HeLa cells, RV-A16
and RV-AO01 infection elevated NPs uptake upon increasing the incubation time, whereas at later
timepoints (6h) a reduced uptake was noted with RV-AOQ1 infection (owing to decreased cell
viability). Beas-2B cells exhibited more complex trends: decreases in NPs uptake (cf. uninfected
cells) were observed at short incubation times following RV-A01 and RV-A16 infection. At later
incubation times (4h), we found a marked decrease of NPs uptake for RV-AO01 infected cells but
an increase in uptake with RV-A16 infected cells. Where increases in NPs uptake were found, they
were very modest compared to results previously reported for a hepatitis C/ Huh7.5 cell line model.
An increase in RV dose (MOI) was not associated with any notable change of NPs uptake. We
argue that the diverse endocytic pathways among the different cell lines, together with changes in
virus nature, size, and entry mechanism are responsible for these differences. These findings

suggest that NPs entry into virally infected cells is a complex process, and further work is required



50

51

52

53

54

55

56

57

to unravel the different factors which govern this. Undertaking this additional research will be

crucial to develop potent nanomedicines for the delivery of antiviral agents.

Keywords: Polymer nanoparticles; Poly (glycerol-adipate); virus infection; nanoparticle uptake;

HelLa and Beas-2B cells
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1- Introduction:

Viral infections represent a public health problem with a major negative impact on health,
socioeconomic development and are the biggest pandemic threat in the modern era (Adalja and
Inglesby, 2019; Nii-Trebi, 2017). This is clearly evidenced by the 2020 COVID-19 pandemic. All
the top priority emerging infectious diseases with the greatest risk of epidemic or pandemic
potential are viral diseases (Nii-Trebi, 2017). There are more than 90 antiviral agents in the market
(Clercq and E., 2016), but most of them are highly specific to one virus or to members of a viral
family and are inactive against other viruses (Adalja and Inglesby, 2019). The high rate of virus
mutation, development of antiviral resistance (Irwin et al., 2016), and preponderance of side effects
with long term administration of antiviral agents (Chawla et al., 2018) are additional challenges.
For example, mitochondrial toxicity recorded with nucleoside reverse transcriptase inhibitors
could be lethal (Moyle, 2000). The emergence of new viruses such as SARS-CoV-2 (Pradhan et
al., 2020; Zhang et al., 2020) leads to high morbidity rates (Abo-Zeid et al., 2020; Nii-Trebi, 2017;
Peters and LeDuc, 1999; Pradhan et al., 2020; Shanks and Brundage, 2012; Zhang et al., 2020)
since existing antivirals are often not effective. These challenges require the discovery of new
approaches to control virus infections. Broad spectrum antiviral agents are one option; however,
there are few of them available for clinical application, and their administration is associated with
side effects due to accumulation at off-target organs (such as that observed with ribavirin) (Oventa

et al., 2000; Soota and Maliakkal, 2014).

Nanomedicine could be considered as an alternative strategy to improve the treatment of viral
infections. In the scientific literature (Lembo et al., 2018), encapsulation of antiviral agents into

nanoparticles (NPs) was found to overcome several limitations of conventional antiviral agents
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(Szunerits et al., 2015), such as short half-lives and high frequency of drug administration (Harvie
et al., 1996) and instability in vivo (Ochekpe et al., 2009). NPs can also improve the delivery of
hydrophilic drug into cells (Hillaireau et al., 2006), overcome side effects (Moyle, 2000), improve
bioavailability of poorly soluble antiviral agents (Gaur et al., 2014), control/sustain drug release
(Lembo et al., 2013), and aid crossing the blood brain barrier (Fiandra et al., 2015); (Nowacek,
2010). However, the effect of virus infection on the uptake of NPs has not been studied in detail.
To the best of our knowledge, until very recently no studies attempted to quantify NPs uptake by
virus infected cells in comparison to un-infected cells. The effect of viral infection on NPs uptake
is however an important consideration. NPs are mainly taken up into cells by an endocytic pathway
(Foroozandeh and Aziz, 2018) and possibly a down-regulation of endocytosis because of viral

infection would make NPs delivery of the appropriate antiviral agent(s) less effective.

We previously (Abo-zeid et al., 2018b) tracked the uptake of poly(glycerol-adipate) nanoparticles
fluorescently labelled with rhodamine B isothiocyanate (RBITC PGA NPs) in human hepatoma
cells (Huh7.5 cells) transfected with the hepatitis C virus (HCV) J6/JFH1 chimera (a recombinant
HCV designed for maximum replication and virion production in vitro). Confocal microscopy
demonstrated an enhancement of NPs uptake by infected cells in comparison to non-transfected
cells, and by performing flow cytometric analyses, we found that virus transfected cells showed
significantly (> 2 times) increased NPs uptake over non-transfected cells. The NPs were not
decorated with any ligands to target specific receptors at the surface of Huh7.5 cells. Therefore, a
change in cellular physiology due to viral infection was hypothesized to be the driving force

responsible for the enhanced NPs uptake.
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In this study, we have investigated if this concept could be further extended to other viruses. We
tracked the uptake of RBITC PGA NPs into four models of virus infected cells: (1) HeLa cervical
cancer cells infected with rhinovirus A16 (RV- Al6), (2) HelLa cells infected with rhinovirus A01
(RV-AO01), (3) Beas-2B bronchial epithelial cells infected with RV-A16 and (4) Beas-2B cells
infected with RV-AO01. Non-infected HeLa and Beas-2B cells were employed as controls. These
cell lines were chosen because they have diverse biological characteristics and can be infected with
RVs. HeLa is a human cervical carcinoma cell line routinely used for the propagation of RVs
(Arrudaetal., 1997). Beas-2B is a human bronchial epithelial cell line transformed in vitro to grow
continuously (Reddel et al., 1988) by infection with SV40 or adenovirus-12 SV40 hybrid virus .
Both HeLa and Beas-2B cell lines can be infected with RVs (Bartlett et al., 2012) as they express
the major group RV receptor ICAM-1 (Greve et al., 1989) and the minor group RV entry receptor

LDLR (Hofer et al., 1994).

RVs infect the airway epithelium, are considered the most frequent cause of the common cold
(Mékeld et al., 1998). They are also associated with acute exacerbations of asthma and COPD
(Johnston et al., 1995; Nicholson et al., 1993; Papi et al., 2006). RVs have further been implicated
in acute otitis media, sinusitis, and lower respiratory tract disease (Henquell et al., 2012; Kiang et
al., 2007; Winther, 2011). In the current work, RV-A16 and RV-A01 were used as the viruses for
study because they are not highly pathogenic (level Il pathogens) and represent both the major and
minor groups of RVs respectively, entering cells via different entry receptors and endocytic
uncoating mechanisms (Schuler et al., 2014). Although both major and minor group RVs enter the
endocytic pathway of cells (Fuchs and Blaas, 2009), they are thought to leave endosomes by

different mechanisms (Schober et al., 1998). Thus, the use of diverse cells, viruses, entry and
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uncoating mechanisms should enable us to elucidate if the enhanced uptake of NPs previously
reported (Abo-zeid et al., 2018b) with hepatitis C infected Huh7.5 cells is a general phenomenon
applicable to all virus infected cells, or whether cell and infection type has an effect on the NPs

uptake process.

2- Materials and methodology:

2.1. Materials:

Rhinovirus stocks, HeLa and Beas-2b cells were provided by Prof S Johnston, National Heart and
Lung Institute, Imperial College London. DMEM medium, RPMI medium, fetal calf serum (FCS),
non-essential amino acids (NEAA), anti-human ICAM-1-FITC, penicillin, and streptomycin were
supplied by Thermo Fisher. All other materials were purchased from Sigma-Aldrich and used as

supplied.

2.2. Methodology:

2.2.1. Synthesis and characterization of poly(glycerol-adipate):

The polymer was synthesized following a literature protocol (Abo-zeid et al., 2018a). Briefly,
poly(glycerol-adipate) (PGA) was synthesized by dissolving equal amounts (250 mmol) of
glycerol and divinyl-adipate (DVA) in dry tetrahydrofuran (THF, 30 ml) in presence of a catalytic
enzyme, novozyme 435 (1.25g). The reaction mixture was stirred (overhead stirrer, 200 rpm) at
constant temp (50°C) for 24 h. This was followed by enzyme filtration and evaporation of THF to
obtain a yellowish jelly-like polymer. This polymer was characterized by gel permeation

chromatography (GPC) and *H-NMR.
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GPC were performed following our previous protocol (Abo-zeid et al., 2018a; Kallinteri et al.,
2005) using a Polymer Laboratories system, employing 2 mixed bed (D) columns at 40 °C, flow
rate 1 ml/min in THF, using an evaporative light scattering detector which was calibrated with 10
narrow polystyrene standards. MALDI-TOF data was collected on an Applied Biosystems QSTAR
(Q-ToF) mass spectrometer for determination of polymer molecular weight and molecular weight
dispersity (D). Briefly, polymer samples (20 mg) were dissolved in THF (2 ml) and the solutions
were mixed for an hour on a roller-mixer (SRT1, Stuart) to allow the polymer to fully dissolve.
This was followed by sample filtration using a syringe membrane nylon filter (0.2 um) before the
same was analyzed by size exclusion chromatography and mass spectrometer. *H-NMR spectra
were recorded on Bruker AVIII HD 400 MHz NMR using a BBFO+ probe and are expressed in
parts per million (8) from internal tetramethylsilane. Polymer and DV A samples were dissolved in
acetone-ds while glycerol was dissolved in DMSO-de as previously reported (Abo-zeid et al.,

2018a).

2.2.2. Preparation and characterization of RBITC PGA NPs:
RBITC PGA NPs were prepared and fluorescent dye loading was optimized as previously reported
(Abo-zeid et al., 2018b; Abo-zeid and Garnett, 2020). Briefly, RBITC (200 pl, 1 mg/ml, in

methanol) was added into an aqueous phase (HEPES buffer, 10 mM, pH 7.4, 7 ml). The polymer

BE !
(20 mg) was dissolved in acetone (2 ml) and then added dropwise into the
aqueous phase under stirring. The sample was left to stir overnight for complete removal of the
organic solvent. RBITC PGA NPs were purified by loading the sample onto a Sephacryl S-200-

HR gel column (C2.5 X 40, Pharmacia, bed volume 91 ml). The column was eluted by water using
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an AKTA prime plus liquid chromatography system (GE Healthcare Life Sciences) at a flow rate
of 1 ml/min and collected in fractions of 1.5 ml per tube. The peaks of dye labelled NPs and free
dye were detected using a UV detector at 214 nm. The purified NPs dispersion was collected for
particle size and zeta potential analysis. Samples were diluted in HEPES buffer (ImM, pH 7.4) to
give a count rate ranged between 50 to 300 Kcps and measurements were performed at 25 °C *
0.1 using Malvern Zeta sizer Nano ZS (Malvern Instruments Ltd, Malvern, UK). The dye loading
and encapsulation percentages were determined by a direct method, a weighed amount of freeze
dried RBITC PGA NPs was extracted in acetone: methanol (1:1 v/v). The fluorescence was
measured at Aex = 545 nm and Aem = 575 nm using a Hitachi F-4500 spectrophotofluorometer with
slit widths adjusted to 5 nm. The concentration of RBITC was quantified using a pre-determined
calibration curve prepared in the same solvent system. Dye loading and dye encapsulation

percentages were calculated using Equations 1 and 2 respectively.

amount of drug (mg)

Dye loading% = * 100 Equation (1)

weight of nanoparticles (mg)

amount of drug entraped (mg)

Dye Encapsulation efficacy% = * 100 Equation (2)

intial weight added (mg)
2.2.3. RVs propagation and tissue culture infectious dose 50% (TCID50) determination:

HeLa cells were grown in T175 flasks in DMEM containing, FCS (10% v/v), penicillin and
streptomycin solution (1% v/v). After reaching 80% confluence, cells were used to propagate the
virus. The previous medium was removed, and cells were infected with RVs in the presence of
DMEM and FCS (2% v/v), penicillin and streptomycin solution (1% v/v). To enhance virus
attachment, the flask was gently shaken for 1 h at room temperature. Cultures were incubated for

24 h at 37 °C and 5% CO. where a cytopathic effect (CPE) greater than 80% was achieved. Cells

10



195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

were then subjected to three freeze-thawing cycles and vortexed briefly to lyse cells and release
cell-associated virus. Virus was clarified by centrifugation (4000 rpm, 15 min). Supernatant

containing virus was collected, aliquoted and stored at —80°C.

RV stock solution was titred by infecting a HeLa cell monolayer (1.5 x 10* /well) in a 96 well
microtiter plate using a serial diluted virus (10 to 10"°) in DMEM in presence of FCS (4% v/v),
penicillin and streptomycin solution (1% v/v). Plates were incubated at 37 °C and 5% CO. for 3
to 4 days and then wells were scored for presence or absence of CPE by microscopic examination
to determine TCID50. The TCID50 refers to the final dilution of RV where there is evidence of

infection of 50% of the cultured wells.

2.2.4. Cell viability after RV infection:

Hela or Beas-2B cells (4 x10* /well) were seeded into 24-wells plate. Culture medium [1 ml; either
DMEM or RPMI with FCS (10% v/v) and penicillin and streptomycin solution (1% v/v)] was
added respectively to HeLa and Beas-2B cells followed by incubation for 24 h at 37 °C and 5%
COs.. Thereafter, the culture media were removed, and cells were treated with virus solutions (1
ml) of different multiplicity of infection (MOI): 0.03, 0.3, 0.5, 0.7 and 1. The virus solution
comprised RV suspended in DMEM or RPMI in presence of FCS (2% v/v), penicillin and
streptomycin solution (1%, v/v). Cells were gently shaken with virus solution for 1 h at room
temperature to allow attachment, followed by removal of virus solution and addition of fresh
culture medium [1 ml; DMEM or RPMI with FCS (2% v/v) and penicillin/streptomycin solution
(1%, v/v)] to the HeLa and Beas-2B cells respectively. Cells were incubated at 37 °C and 5% CO>

for 24 h. This was followed by removal of culture medium from all cells and addition of Alamar

11
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Blue (AB) solution (1 ml, 36 pg/ml) into each well followed by incubation in the dark at 37 °C and
5% CO- for 6 h to determine the cells viability. AB solution (36 pug/ml) was prepared by dissolving
AB in DMEM or RPMI containing FCS (2% v/v) and penicillin/streptomycin solution (1% v/v)
for HeLa cells and Beas2B cells respectively. The fluorescence was measured at excitation and
emission wavelengths of 540 and 595 nm respectively using a FLUOstar Omega multi-mode
microplate reader (BMG Labtech). Negative (AB solution without cells) and positive (AB solution
autoclaved for 15 min) controls were also included in the plate. Two independent experiments

were performed where each sample was prepared in triplicate.

2.2.5. RV PCR to determine infection:

HelLa cells infected with RV-A16 at MOI 0.5 were placed in a humidified 37 "C incubator at 5%
CO- and were lysed with RLT buffer (Qiagen) after 2, 4, 8, 24 and 48 h of incubation. RNA was
extracted from cells using the RNeasy Mini Kit (Qiagen) following the manufacturer’s protocol.
Purified RNA samples were reverse transcribed using a RevertAid reverse transcriptase and first
strand cDNA synthesis kit (Fisher Scientific) following the manufacturer’s instructions. For
random hexamer primed synthesis, the reaction mix was incubated for 5 min at 25 "C followed by
60 min at 42 "C, and for Oligo (Dt)18 the synthesis reaction mix was incubated for 60 min at 42
oC.

1ul of cDNA was added to a reaction mix of 49 pl containing PCR buffer, forward and reverse
primers (RV-A16 primers were: forward: TATAAAGCTTTCCAAAGGTTGGTCGTG,; reverse:
TATACTCGAGCTAAGCTAACTGGTGTTC3’), deoxynucleotide triphosphates dNTPs and Taq
polymerase (Fisher Scientific). After an initial denaturing step of 95 °C for 3 min, PCR was run
for 40 cycles of 95 °C for 30 s, 52 °C for 30 s, 72 °C for 1 min and a final extension of 72 °C for 5

min. Similar conditions were used for amplification of the control gene glyceraldehyde-3-
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phossphate dehydrogenase (gapdh) using forward and reverse primers

GTCTCCTCTGACTTCAA and ACCACCCTGTTGCTGTA.

2.2.6. NPs uptake by cells:

HelLa or Beas-2B cells were seeded into 6-well plates (1.15 x 10°/well), followed by addition of
culture medium (2ml) comprising DMEM or RPMI with FCS (10% v/v) and
penicillin/streptomycin solution (1% v/v) respectively. The cells were incubated at 37 'C and 5%
CO. for 24 h. Culture media were removed, and cells were infected with RV at MOI of 0.5 for
HeLa cells and MOI of both 0.5 and 1 in the case of Beas-2B cells. Cells were gently shaken with
RV for 1 h at room temperature to allow attachment, followed by removal of virus solution and
addition of fresh culture medium (2 ml) containing FCS (2% v/v) before the cells were incubated
at 37 'C and 5% CO for 24 h. Culture medium was removed and a RBITC PGA NPs colloidal
suspension (1.8 ml, 510 pug NPs) added into each well. The colloidal suspension was prepared by
adding a purified NPs suspension (850 pl, 510 pg) into an equal volume of FCS, followed by
incubation for 24 h. The isotonicity of the NPs suspension was adjusted with phosphate buffered
saline (one tablet of PBS was dissolved in 10 ml instead of 100ml to yield 10 times concentrated
PBS solution) prior to addition to cells. Cells were incubated for different time intervals. Next, the
suspension was removed, and cells were washed with PBS (2 ml, 3 washes). Cell dissociation
buffer enzyme-free PBS (0.5 ml) was added to each well and the plate incubated for 10 min to
detach cells. The cells were collected and centrifuged (4000 rpm, 15 min). The supernatant was
removed, and cells were washed with PBS (2 ml, 3 washes). Cells were then fixed with
paraformaldehyde in PBS (1 ml, 2% v/v). A set of non-infected cells were treated similarly but

without addition of RV. NPs uptake was tracked using flow cytometry (Guava easyCyte 8HT,
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MerckMillipore). The settings of the instrument were adjusted as follows: (1) blank cells (HeLa
or Beas-2B cells that were not treated with NPs or virus solution) were used to create scatter plots
to observe events; (2) non-infected cells (HeLa or Beas-2B cells) previously incubated with
RBITC PGA NPs for 6 h were observed by adjusting the setting of the yellow fluorescence
channel. Some cells were also stained with anti-human ICAM-1-FITC by incubating on ice for 20
min with diluted antibodies followed by PBS washing and fixing with paraformaldehyde in PBS

(2% viv).

2.2.7. Statistical analysis:

All statistical analysis was performed using two-way ANOVA followed by a post-hoc Tukey test.
Analyses were carried out by GraphPad Prism 8.0 software at confidence level (95%, 99% and
99.9%).

3. Results:
3.1. Synthesis of PGA:

The successful synthesis of PGA was confirmed by *H NMR (Figure S1 and S2, Supplementary
Information), with the data agreeing with the literature (Abo-zeid et al., 2018a). Size exclusion
chromatography analysis gave an estimated Mn of 11.6 kDa, molecular weight dispersity  of 1.4,

and molecular weight (Mw) of 16 kDa.

3.2. Preparation of nanoparticles:

RBITC PGA NPs were prepared by interfacial deposition and fluorescent dye loading was
achieved as previously reported (Abo-zeid et al., 2018b; Abo-zeid and Garnett, 2020). The particle

size was 110 + 30 nm (diameter mean + SD) and the polydispersity index 0.01, indicating a

14
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monodisperse sample. The zeta potential was -53.7 + 13.3 mv indicating a stable dispersion. The
encapsulation efficiency and dye loading were 54 = 13 % and 0.54 + 0.13 %, respectively. This
dye loading is sufficient enough to track NPs uptake by cells using flow cytometry (Abo-zeid et

al., 2018b; Abo-zeid and Garnett, 2020).

3.3. Virus infection of cells:

Infection of HeLa cells is used routinely for RV propagation (Arruda et al., 1996) and infection of
the human bronchial cell line Beas-2B by RV-A16 and RV-A01 has been shown previously
(Bartlett et al., 2012). We made new RV preparations for these studies and demonstrated the
TCID50/ml to be 2.96x107 for RV-A16 and 3.9 x 10’ for RV-A01. To establish conditions of RV
infection resulting in minimal cytotoxicity of HelLa and Beas-2B cells and allowing the
investigation of NPs uptake into cells, varying multiplicity of infection (MOI) of both RV-A01
and RV-A16 was also tested. We found that an increase of MOI was associated with a decrease of
cell viability in both HeLa and Beas-2B cells infected with both viruses (Table 1). The viability of
HeLa cells was reduced compared to that of Beas-2B cells at higher MOI, and RV-AO01 resulted
in more cytotoxic effects than RV-A16 in HelLa cells. Only minor effects on the viability of Beas-
2B cells were observed with both RV serotypes. For subsequent experiments with NPs, an RV

MOI of 0.5 was chosen for HelLa cells and MOI of both 0.5 and 1.0 for Beas-2B cells.
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Table 1: Percentage viability of HeLa and Beas-2B cells after RV infection at indicated MOI. Data
are shown as mean (standard deviation). Results are average of two independent experiments with

three replicates in each

MOl HeLa cells Beas-2B cells
RV-Al6 RV-A01 RV-Al6 RV- A01
0.03 99 (4) 100 (6) 106 (5) 108 (7)
0.3 99 (3) 94 (5) 106 (8) 105 (8)
0.5 94 (3) 80 (5) 101 (11) 98 (10)
0.7 90 (5) 73(8) 101 (6) 99 (9)
1 88 (0) 66 (5) 102 (5) 97 (6)

To prove RV infection of cells in the absence of sustained cytopathic effects, we performed PCR
to detect the RV genome. Using HelLa cells infected with RV-A16 at MOI of 0.5, RT-PCR was
performed on RNA samples obtained from uninfected and RV-infected cells at several timepoints
(Figure 1). RV-A16 genome was detected in HeLa cells 24 and 48 h after initiation of infection
but not at earlier timepoints. Since the same RV preparations were used to infect Beas-2B cells it
was assumed that MOI of 0.5 and 1 will be sufficient to cause infection, as has been shown

previously (Bartlett et al., 2012).

3.4. Nanoparticle uptake by cells:

Having established infection conditions that resulted in infected cells but minimal cytopathic
effects, we next studied the effect of RV infection on the uptake of NPs into cells. We also
investigated expression levels of the RV major group entry receptor intercellular adhesion

molecule-1 (ICAM-1) on infected cells. Figure 2A demonstrates that HeLa cells express ICAM-
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1, and that expression levels are not altered by RV infection. Incubation with NPs for 6 h resulted
in complete uptake of NPs into HeLa cells (lower right quadrant, Figure 2A) that were shown to
be ICAM-1 positive (upper right quadrant, Figure 2B). No significant differences in NPs uptake
were observed between uninfected and RV-A16 infected cells after incubation with NPs for 6 h
(Figure 2B). However, a reduction in NPs uptake by RV-AO01 infected cells was noted (Figure 2B).
This reduced uptake is most likely due to the lower viability of these infected cells as shown in

Table 1.

Flow cytometry contour plots for the time course analysis of NPs uptake in the absence of ICAM-
1 staining are given (Figure 3). The lower left (LL) quadrant represents cells with a low
fluorescence signal for RBITC at baseline and shifts to the lower right (LR) quadrant reflect an
increase of RBITC fluorescence intensity indicative of NPs uptake. All cells, either infected or
non-infected, showed a shift from the LL to LR quadrant with increased incubation times. These
data are shown both as percentages of gated cells within the contour plots and as a quantitative
number of cells, revealing that similar numbers of events have been analyzed within each condition
(Figure 3). The cell numbers appear slightly different because virus infection affects the cells

viability, as was discussed earlier in Section 3.3.

The percentage of positive cells for both uninfected and infected cells increases with the time of
incubation with RBITC PGA NPs (Figure 4A), but there is a small reduction within infected cells.
Quantitative flow cytometry analysis of NPs uptake in uninfected and infected HelLa cells is
presented (Figure 4B) as mean fluorescent intensity (MFI), from which it is apparent that

uninfected cells display a comparable MFI to RV-A16 infected cells at 0, 2 and 4h but there is a
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significant (P <0.05) increase of MFI for RV-A16 cells at 6 h. RV-A01 infected cells demonstrated
a significantly (P < 0.01) higher MFI than uninfected cells at all timepoints except 6 h, where the
MFI was significantly (P < 0.001) lower. The latter is matched with the lower percentage of

positive cells recorded at 6 h for RV-AO01 infected cells.

Flow cytometry histograms demonstrating the uptake of NPs with time in uninfected and infected
Beas-2B cells are depicted in Figure 5A. Both uninfected and infected cells demonstrated an
increase in RBITC fluorescence over control cells (cells that were not incubated with NPs, grey
filled) at 1 h (red line) and 4 h (blue line) at MOI of both 0.5 and 1. Quantitative flow cytometry
plots (Figure 5B) show a similar trend of NPs uptake at MOI of 0.5 and 1. Here, uninfected cells
showed a significantly (P < 0.01) higher uptake of NPs than infected cells after incubation for 1 h,
but upon increasing the incubation time to 4 h RV-A16 infected cells showed significantly higher
NPs uptake than uninfected cells (P < 0.001 and P < 0.01 at MOI of 0.5 and 1 respectively). The
opposite was observed with RV-AO01 infection, where NPs uptake was significantly lower than

uninfected cells (P < 0.001 and P < 0.01 at MOI of 0.5 and 1).

4. Discussion:

Infectious diseases include those caused by bacteria, parasites, fungi and viruses. Virus infections
are considered the most challenging due to high rates of virus mutation resulting in new strains
that can escape immunity and/or are resistant to antiviral agents, and adverse side effects associated
with prolonged administration of antiviral agents. All of these result in reduction in the
effectiveness of antiviral therapies. Encapsulation of antiviral agents into NPs has previously been
reported to overcome the drawbacks of conventional therapy (Lembo et al., 2018). However, when
looking at the literature we could not identify studies investigating the effect of virus infection on
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the quantitative uptake of NPs. We reported in 2018 (Abo-zeid et al., 2018Db) a significant two fold

increase of NPs uptake in a HCV-infected liver cell line over that recorded with uninfected cells.

This study explored four different models of virally infected cells to broaden our understanding
into the effect of infection on NPs uptake. We prepared fluorescently labelled RBITC PGA NPs
with a dye loading that is sufficient to track the uptake of NPs by flow cytometry (Abo-zeid et al.,
2018b; Abo-zeid and Garnett, 2020). These NPs were used for several reasons: they are formulated
from PGA, a biodegradable and biocompatible polymer with very low cytotoxic properties (Abo-
zeid and Garnett, 2020; Zhang et al., 2014; Kallinteri et al., 2005;), and RBITC is retained in the
NPs for a prolonged period of time (Meng et al., 2006), allowing us to track the uptake of NPs
rather than free dye (Abo-zeid et al., 2018b). RBITC dye gives a good fluorescence in the acidic
pH of lysosomal compartment (Garnett and Baldwin, 1986) leading to effective detection of NPs

taken up by cells using flow cytometry (Abo-zeid and Garnett, 2020; Abo-zeid et al., 2018Db).

We confirmed RV infection of cells by RT-PCR and chose two levels of infection (MOI values
0.5 and 1) that resulted in infected cells but minimal cytopathic effect to allow the study of virus
infection on NPs uptake. Virus infection by RV-A16 and RV-A01 either significantly (P < 0.05, P
<0.01, P <0.001) increased or decreased NPs uptake compared to uninfected cells, depending on
the experimental conditions. For HeLa cells, RV-A16 and RV-A01 infection elevated NPs uptake
upon increasing the incubation time, but at longer timepoints (6h) a reduced uptake was noted with

RV-AO01 infection. The latter was likely due to decreased cell viability.
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The picture with Beas-2B cells was more complex, with decreases in NP uptake observed at short
incubation times following RV-A01 and RV-A16 infection. An increased incubation time (4h) was
associated with a marked decrease of NPs uptake for RV-AO01 infected cells but an increase in
uptake with RV-A16 infected cells. It can be argued that the reduced HelLa cell viability after
infection or viral interference with the mechanism of NPs uptake due to different entry
mechanisms of major (RV-A16) and minor (RV-A01) group RVs are responsible for these
differences (Fuchs and Blaas, 2012). Furthermore, to observe these changes in NPs uptake, flow
cytometric analyses of the MFI was required since no changes in the percentage of cells taking up
NPs were seen. However, it is clear that where there is an increased uptake of NPs, this is still
relatively minor when compared with our previous study (Abo-zeid et al., 2018b): when Huh7.5
cells were transfected with HCV (J6/JFH1 chimera), this resulted in a doubling of NPs uptake.
J6/JFH1 is a recombinant HCV generated to maximize replication in cells in vitro. It was
developed from one HCV variant (JFH1) providing the non-structural components and another
strain (J6) providing the structural components to form the intra-genotypic HCV chimera
(Lindenbach et al., 2005).1t was found that J6/JFH1 chimera has both efficient RNA replication
and production of virus particle that could be transfected from culture media of infected Huh7.5

cells into naive Huh7.5 cells (Lindenbach et al., 2005).

The reasons behind the difference in NPs uptake between the cell lines could be both cell-related
and virus-related. Firstly, considering cell-related factors, in this study we used HelLa and Beas-
2B cells, selected for ease of infection in vitro and because they have been used extensively in

previous studies. During infection in vivo, RVs infect the airway epithelium. However, primary
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endothelial cell cultures could not be used in this study as the cells are difficult to obtain and

maintain in vitro for extended periods. Thus, we selected Beas-2B as a suitable alternative.

The HelLa and Beas-2B cells differ from each other and from the Huh7.5 cells used previously
(Abo-zeid et al., 2018b). The main route of NPs uptake into cells is the endocytic pathway
(Foroozandeh and Aziz, 2018). A previous study (Sayers et al., 2019) reported differences in the
endocytic pathways between cells types, including variations in the endolysosomal morphology,
localization, endocytic uptake, trafficking, recycling, endolysosomal pH, the ability of NPs to
escape the endosome prior to lysosomal sequestration or exocytosis. These differences have been
reported (Sayers et al., 2019) to affect the delivery of mRNA encapsulated into lipid NPs of 120
nm, and hence its expression efficiency. We expect that such differences in the endocytic pathway

among HelLa, Beas-2B and Huh7.5 cells could cause variations in NPs uptake.

Virus-related factors will also be important. In our previous study (Abo-zeid et al., 2018b), Huh7.5
cells were transfected with a genetically produced chimera virus (JFH1-J6 chimera), while in the
current study both HelLa cells and Beas-2B cells were infected with a whole active virus.
Additionally, viral structure, size and the entry mechanism into cells could have an effect. RVs are
non-enveloped viruses and have a positive-sense single stranded RNA genome that is protected by
an icosahedral protein capsid built of 60 copies each of the four viral capsid proteins VP1-VP4
(Stobart et al., 2017). In contrast, Hepatitis C virus (HCV) is an enveloped (E1-E2 glycoprotein
envelope) positive-sense single stranded RNA virus (Dustin et al., 2016). The particle size of RVs
is around 30 nm (Fuchs and Blaas, 2012) and HCV particle size is slightly larger, ranging from 40

to 80 nm (Calattini et al., 2015; Gastaminza et al., 2010).
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RVs we have used here have different mechanisms of entry into cells, as revealed in Figure 6. RV-
A16 belongs to the major group of RVs and accesses the host cell by binding to ICAM-1 receptors,
while RV-AO01 belongs to the minor group and binds to the low density lipoprotein receptor
(LDLR) at the surface of the host cell (Fuchs and Blaas, 2012). These events are followed by
clathrin mediated endocytosis, resulting in virion uncoating in the early endosome and late
endosome for RV-A16 and RV- AO01 respectively. This is followed by release of the RV genome
into the cytosol for replication and production (Grove and Marsh, 2011). In contrast, HCV entry
requires binding to four receptors: CD81, SR-B1, Claudin-1, and Occludin (Pileri et al., 1998);
(Scarselli et al., 2002). Once bound to the cell, HCV is sorted by clathrin mediated endocytosis
and membrane fusion in the early endosome, followed by virus uncoating and release of genetic
material into the cytosol at the late endosome stage (Grove and Marsh, 2011). Virus infection
might therefore affect the rate of endocytic pathway uptake of NPs, resulting in either upregulation
or downregulation (or potentially have no effect). Consequently, effort should be devoted in the
future to study the effect of virus infection on the endocytic pathways to understand how (or if)

infection regulates the endocytic uptake of NPs.

Taken together, we hypothesis that differences in cell types, virus nature, virus size and virus entry
mechanism will affect the physiology of the cell and hence have critical effects on the endocytic
uptake of NPs. Therefore, future studies should be performed to elucidate the correlation between
these factors and the uptake of NPs. Additionally, research modulating the physicochemical
properties of NPs (material, morphology, size, zeta potential) and surface decoration (e.g. presence
of ligands for active targeting of endocytic receptors of virus infected cells) to identify the key

properties controlling their uptake into virus infected cells. Finally, the specific entry receptors
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expressed at the surface of virus infected cells should be considered, since these could be

selectively targeted to assist with the future design of NPs for selective delivery of antiviral agents.

4. Conclusions:

This work involved development of four models of virus infected cells to probe the effect of virus
infection on NPs uptake. It was demonstrated that virus infection in some instances caused a
significant increase of NPs uptake compared to uninfected cells. For HelLa cells, RV-A16 and RV-
AO01 infection elevated NPs uptake upon increasing the incubation time, but at longer timepoints
(6h) a reduced uptake was noted with RV-AO1 infection (owing perhaps to decreased cell
viability). With Beas-2B cells more complex trends are noted, with decreases in NPs uptake (cf.
uninfected cells) observed at short incubation times following RV-A01 and RV-A16 infection.
However, an increased incubation time (4h) was associated with a marked decrease of NPs uptake
for RV-AO01 infected cells while it led an increase in uptake with RV-A16 infected cells. Where
increases in NPs uptake were found, they were very modest compared to results previously
reported for a hepatitis C/ Huh7.5 cell line model. We argue that the diverse endocytic pathways
among the different cell lines, together with changes in virus nature, size, and entry mechanism
are responsible for these differences. This work raises several questions regarding the application
of nanomedicine to improve antiviral therapy. To design potent medicines, it will be necessary to
understand how virus entry mechanism affects the endocytic pathway of cells, and whether this
can modify the uptake of NPs. Further, the subcellular signals of the endocytic pathway affected
following virus infection need to be elucidated, and there is an open question as to whether virus

infection affects the exocytosis of NPs. Identification of receptors specifically expressed at the
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surface of virus infected cells could permit the design of NPs to target infected cells, as could

greater understanding of how the physicochemical properties of NPs influence uptake.
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Figure 1: RV-A16 genome is detected 24 and 48 hours after infection. RT-PCR was performed
on RNA obtained from HeLa cells at the indicated timepoints and conditions (upper panel). -RV
refers to uninfected cells and +RV to cells infected with RV-A16 at MOI 0.5. Controls used were
cDNA of the RV16 genome (+ctrl) or dH20O (-ctrl). The lower panel displays the same samples
where housekeeping gene GAPDH was amplified to demonstrate total RNA was present in each
sample.
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Figure 2: Flow cytometry analysis of HeLa cells and NPs uptake. (A) ICAM-1 expression of
uninfected cells (black line), RV-A16 infected (blue line) and RV-AO0L infected (purple line)
compared to unstained control cells (grey filled). Contour plots are shown demonstrating NPs
uptake (yellow fluorescence) in the absence of ICAM-1 staining. (B) NPs uptake (yellow
fluorescence) of uninfected and RV-A16 or RV-A01 infected cells co-stained with ICAM-1 (green
fluorescence). Numbers represent % of gated cells within each quadrant.
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Figure 3: Time course analysis of NPs uptake by HeLa cells. Contour plots display NPs uptake
(yellow fluorescence) of uninfected cells, RV-A16 infected cells, and RV-AO01 infected cells at
baseline (Ohr) and for 2hr and 4hr. Numbers within contour plots represent % of gated cells within
each quadrant. Numbers in the table represent quantitative cell numbers within lower left (LL) and
lower right (LR) quadrants.
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Figure 4: Time course analysis of NPs uptake by HelLa cells. (A) Data obtained from flow
cytometry contour plots display NPs uptake as the percentage of fluorescent positive cells for
uninfected cells (open circle), RV-A16 infected cells (closed square), and RV-AO01 infected cells
(closed circle) at the indicated timepoints. (B) NPs uptake data were analysed as mean fluorescent
intensity of fluorescent positive cells for uninfected cells (white), RV-A16 infected cells (grey),
and RV-AO01 infected cells (black) at the indicated timepoints. Data were analysed by 2-way
ANOVA and significant differences are denoted with asterisks (* p<0.05; ** p<0.01; ***
p<0.001).
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Figure 5: Flow cytometry analysis of Beas2B cells and NPs uptake. (A) NPs uptake (yellow
fluorescence) histograms of uninfected cells, RV-A16 infected and RV-AO01 infected cells after
1hr (red line) and 4hr (blue line) compared to control cells without NPs (grey filled). Two different
MOI were used (0.5 and 1.0). (B) NPs uptake data were analysed as mean fluorescent intensity
(MFI) of fluorescence for uninfected cells (white), RV-A16 infected cells (grey), and RV-A01
infected cells (black) at the indicated timepoints and MOI. Data were analysed by 2-way ANOVA
and significant differences are denoted with asterisks (** p<0.01; *** p<0.001).
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