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Conventional cell culture systems involve growing cells in stationary cultures in the presence of growth medium 
containing various types of supplements. At confluency, the cells are divided and further expanded in new cul-
ture dishes. This passage from confluent monolayer to sparse cultures does not reflect normal physiological 
conditions and represents quite a drastic physiological change that may affect the natural cell physiobiology. 
Hollow-fibre bioreactors were in part developed to overcome these limitations and since their inception, they 
have widely been used in production of monoclonal antibodies and recombinant proteins. These bioreactors 
are increasingly used to study antibacterial drug effects via simulation of in vivo pharmacokinetic profiles. 
The use of the hollow-fibre infection model (HFIM) in viral infection studies is less well developed and in this re-
view we have analysed and summarized the current available literature on the use of these bioreactors, with an 
emphasis on viruses. Our work has demonstrated that this system can be applied for viral expansion, studies of 
drug resistance mechanisms, and studies of pharmacokinetic/pharmacodynamic (PK/PD) of antiviral com-
pounds. These platforms could therefore have great applications in large-scale vaccine development, and in 
studies of mechanisms driving antiviral resistance, since the HFIM could recapitulate the same resistance me-
chanisms and mutations observed in vivo in clinic. Furthermore, some dosage and spacing regimens evaluated 
in the HFIM system, as allowing maximal viral suppression, are in line with clinical practice and highlight this 
‘in vivo-like’ system as a powerful tool for experimental validation of in vitro-predicted antiviral activities.
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Introduction
Mammalian cell culture systems generally involve growing cells 
in stationary cultures in the presence of growth medium often 
supplemented with animal sera and other supplements. Once 
the cells have grown to confluency, they are expanded by 
several-fold subdivision and seeded into new culture dishes in 
the presence of new growth medium. By applying such conven-
tional cell culture techniques, it has been possible to produce 
105 to 106 cells/mL in growth medium. Common cell culture 
techniques are not often reflective of physiological cell growth 
conditions. Indeed, cell expansion by subdivision represents a 
sudden change in physiological conditions, where cells go from 
a confluent monolayer to sparse cell cultures. To address this 
limitation, Knazek et al.1 developed the hollow-fibre bioreactor 
(HFB).

The HFB was originally a glass tube (in recent versions, the 
glass tube has been replaced by a polycarbonate shell) contain-
ing a bundle of selectively permeable hollow fibres attached to 
each end of the tube. The system has an inlet port and an outlet 
port that allows medium, from a central reservoir, to flow 
through the hollow fibres in a continuous loop. Typically, an 

HFB (or cartridge) has two main compartments: an intracapillary 
space (ICS) within the hollow fibres, which brings in media and 
takes out waste, and an extracapillary space (ECS) surrounding 
the hollow fibres where the cells reside and grow (Figure 1). 
Cells are seeded into the bioreactor ECS through a sampling 
port located on the top of the bioreactor (see Figure 2 for an over-
view of the system). A detailed description of the system has 
been previously published by several authors.2–4 Although the 
vast majority of HFB contain cellulosic fibres (for uniform cell ex-
pansion), HFBs can also contain polysulfone, polypropylene or 
polyethylene fibres.

The molecular weight cut-off (MWCO) of a cartridge module 
determines its retention abilities. The ‘useful retention’ (50% re-
tention mark) is the size of protein that will be retained at 
≥90% in the ECS. This retention also depends on the size, shape, 
post-translational modifications, and Stokes radius of the protein 
released into the ECS. For the 5 kDa MWCO fibres, the useful re-
tention is ≥20 kDa and it is recommended for proteins in the 
range of 20 kDa up to about 140 kDa. For larger proteins, the 
20 kDa MWCO fibre is recommended.5

This in vitro system offers a solution to culturing cells at 
high densities, from approximately 2 × 105 to approximately 
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Figure 2. General overview of the HFIM system. The system is comprised of four main elements. The hollow fibre cartridge contains the selectively 
semi-permeable fibres on the outside of which (ECS) the cells are seeded for growth via the sampling ports. The fibres are terminally linked to a central 
reservoir, in which the media levels are kept constant by the action of a diluent reservoir (on the left) constantly topping up fresh media into the central 
reservoir and a waste removal tube taking out exhausted media to a waste reservoir (on the right). Antiviral drugs can be administered either to the 
diluent reservoir (continuous infusion) or to the central reservoir (IV bolus).

Figure 1. Cross-sectional image of a hollow-fibre cartridge, showing the two main compartments: the intracapillary space (ICS) within the hollow fi-
bres, which brings in media (nutrients and antiviral drugs), and via which the waste is removed, and the extracapillary space (ECS), which is the space 
surrounding the fibres and where the cells are seeded for growth. This figure appears in colour in the online version of JAC and in black and white in the 
print version of JAC.
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1.7 × 107 over 28 days, as demonstrated for mouse L-929 fibro-
blast cells.1 Since their inception, HFBs have widely been used 
in a different range of applications including cell propagation, 
production of monoclonal antibodies and production of recom-
binant proteins.6–9

In addition to supporting cell growth at physiological cell 
densities, this system offers several other advantages including 
growing cells for extended periods of time, and this is particularly 
important for pharmacodynamic (PD) and pharmacokinetic (PK) 
studies aiming at investigating cellular responses to drug expos-
ure. Indeed, over recent years, the hollow-fibre infection model 
(HFIM) has been increasingly used to assess PK/PD indices of 
chemical compounds since the model allows drug profiling to 
be simulated.10–12 The system is also relatively inexpensive com-
pared with the cost inherent to clinical studies. Although in vivo 
animal models are well established and frequently used to test 
the effectiveness of antivirals, for ethical reasons they sometimes 
remain limited by the duration of the experiments to be carried 
out. Moreover, multiple animals need to be used in each arm 
for each timepoint, requiring ethically approved and well- 
established animal husbandry not often available in every re-
search facility.

Most of the work done on the HFIM has focused on bacteria 
and antimicrobial testing.11,13–15 Although comprehensive litera-
ture on the use of the HFIM for performance evaluation of anti-
microbial compounds exist,16–20 the current literature about 

the applications of the HFIM to study viral infections is still lack-
ing. This review therefore focuses on the applications of the 
HFIM in viral infection studies. By summarizing the different infec-
tion approaches and readouts described in the available litera-
ture when using this system, our work aims at providing 
researchers in this field with some of the necessary technical 
knowledge surrounding the use of this system when applied to 
viral infections.

Viral expansion studies
As previously mentioned, one of the key benefits of HFBs is the 
ability to grow cells at high densities. The system can sustain 
the growth of up to 109 cells.21,22 The continuous medium that 
perfuses through the HFB both feeds the cells and removes toxic 
waste, which in turn promotes continuous cell growth. This ad-
vantage of sustaining high cell densities therefore allows for 
the system to be used for optimal virus production.

Most viral expansion studies performed in the HFIM system 
appear to require a high inoculum multiplicity of infection or 
MOI (between 5 and 10) to initiate the infection. In addition, viral 
yields can be assessed using various virology methods such as 
plaque assay, TCID50, fluorescent focus assay, ELISA (to quantify 
a specific viral antigen), quantitative RT–PCR (qRT–PCR) (for total 
viral RNA) or flow cytometry of virus-infected cells, to determine 

Table 1. Practical aspects of the HFIM system for eukaryotic virus infections

Aspects Specifications

Types of study Viral expansion, drug resistance, PK/PD (dose-range, dose-fractionation) 
studies

Duration of the study Cells can be maintained for up to 69 days (more than 2 months) in the HFIM 
system23

Choice of the cartridge Types of fibre Most studies have reported using polysulfone cartridges, but cellulosic 
cartridges have also been successfully used for PK/PD studies24–26

MWCO 5 kDa MWCO for smaller size selection, 20 kDa MWCO for larger size 
selection

Characteristics of the cell line Both adherent cells and cells grown in suspension have been reported and 
successfully used

moi Differs according to the type of studies: high moi (5–10) has mostly been 
reported for viral expansion studies, while low moi (mostly 0.001) has 
been reported for both drug resistance and PK/PD studies

Read-out for viral burden Plaque assay and TCID50 (for infectious virus), fluorescent focus assay, ELISA 
(for specific viral antigen, e.g. HIV P24), qRT–PCR (for total viral RNA), flow 
cytometry (of virus infected cells, to determine the % of viral 
antigen-positive cells—more practical for cells grown in suspension)

Monitoring cell growth in the bioreactor ECS Glucose consumption, lactate production
Monitoring antiviral drug concentration within the 

system (for PK/PD and drug resistance studies)
LC-MS/MS

Route of drug administration To the diluent reservoir (to simulate continuous infusion) or the central 
reservoir (to simulate IV bolus).

Choice of culture media Serum-free media (mostly reported for viral expansion studies), 
Virus growth media (VGM—the composition varies according to growth 
requirements of the cells and the infectivity conditions of the virus under 
study) 
Drug-containing VGM (for drug resistance and PK/PD studies).
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the percentage of viral antigen-positive cells (as summarized in 
Table 1).

Plaque assay and TCID50 (or endpoint dilution) are both viral 
quantification methods used to determine the number of infec-
tious viral particles in a given preparation (viral titre). Although 
both methods assess the number of infectious viral particles in 
a given preparation, TCID50 is more commonly used when the in-
fection results in the destruction of the cell monolayer without 
plaque formation. Fluorescent focus assay is another alternative 
to plaque assay, used to determine the titre of viruses that do not 
form plaques. This method relies on the immunostaining detec-
tion of fluorescent virus-infected foci (similar to plaques) using 
antibodies raised against a specific viral protein. When the gene 
encoding a fluorescent protein is incorporated into the viral gen-
ome, foci can be detected without the use of antiviral antibodies. 
While qRT–PCR is used to quantify the total amount of virus (both 
infectious and non-infectious) resulting from an infection using 
total viral RNA as the starting material, flow cytometry, on the 
other hand, is used to determine the percentage of viral antigen- 
positive cells within an infected cell population.

The choice of the readout for viral burden will therefore de-
pend on the characteristics of the virus used (cytopathic virus 
forming plaques versus non-cytopathic virus), the availability of 
antibodies specific to the virus (to allow its immunodetection), 
or the level of precision when reporting the amount of virus quan-
tified (total virus versus number of infectious virus versus per-
centage of viral antigen-expressing cells).

Using 293 cells adapted to grow in suspension, Gardner et al.27

used the HFIM to produce high titres of recombinant adenovirus 
in serum-free medium. In this study, the authors used three dif-
ferent approaches to infect the cells in the HFB (30 kDa MWCO 
cellulosic fibre module). In a first approach, the cells were inocu-
lated into the ECS of the bioreactor and allowed to grow for 
5 days before the infection was carried out by injecting the virus 
into the ECS through the sampling ports. The second approach 
consisted of allowing the cells to equilibrate in the ECS for 24 h, 
to then be similarly infected through the sampling ports. The 
third approach consisted of co-inoculating the cells with the virus 
to allow the infection to then proceed. In these three cases, the 
cells and virus were harvested 3 days post infection for virus puri-
fication and quantification using the methods described by 
Graham and Prevec.28 Given the fact that the HFB is a closed sys-
tem, meaning that most cellular processes cannot be visualized, 
Gardner et al.27 used lactate production to monitor cell growth 
within the bioreactor. Although it is unclear if lactate production 
was quantified in the ECS or in the central reservoir, cells and virus 
were harvested when lactate production showed a sharp fall-off. 
All three infection approaches generated similar virus yields of 
approximately 2.4 × 1013 infectious viral particles (total virus 
quantified from four cartridges) with about 5 × 108–10 × 108 cells 
infected at an MOI between 5 and 10.

Leong et al.21 used a slightly different approach to expand 
HIV-1 in co-cultures of primary human PBMCs. For infections in 
the HFB, 7 × 108 phytohaemagglutinin (PHA)-stimulated PBMCs 
were mixed with HIV-1, incubated for 2 h to allow viral adsorp-
tion, resuspended in culture medium, and inoculated into the 
ECS of a 20 kDa MWCO HFB. The cultures were then incubated 
at 37°C for 7–10 days before culture supernatants were har-
vested. HIV yields were measured in terms of the amount of 

p24 antigen detected by enzyme immunoassay (EIA) on cell-free 
culture supernatants.

Similarly to Gardner et al.,27 Leong et al.21 used lactate pro-
duction, sampled daily from the reservoir, to monitor cell growth 
within the HFB (although it is also not clear in this case if lactate 
production was quantified in the ECS or in the central reservoir). 
By comparing varying concentrations of IL-2, FBS and glucose 
content in the medium, the authors were able to establish 
that PBMC cultures in 20 kDa MWCO cartridges with 15% FBS, 
80 IU/mL IL-2 and 2.0 g/L glucose generated the highest p24 
yield of about 34.29 µg. Although the authors successfully estab-
lished that the HFIM can support substantial HIV-1 growth in hu-
man primary PBMCs under optimal conditions, it would have 
been interesting to know how p24 viral yields translated to actual 
number of infectious viral particles, which is one drawback in this 
study. Interestingly, the authors found that 5 kDa MWCO bioreac-
tor cartridges generated lower p24 yields than 20 kDa MWCO car-
tridges, suggesting that the choice of the MWCO of the cartridge 
might have an impact on the viral yield. Some preliminary experi-
mental work to test the suitability of cartridges of different 
MWCOs are therefore encouraged.

Viral expansion in HFBs has also been performed by Hirschel 
et al.22 for influenza A virus (IAV). The authors have shown that 
by infecting adherent MDCK cells with IAV (strain A/Mexico/ 
4108/2009 H1N1), it was possible to obtain infectious virus con-
centrations of up to 3 × 109 virions/mL (with total virus concen-
trations ranging from 1 × 1010 to 1 × 1011 virions/mL). In this 
study, 1 × 108 cells were inoculated into the ECS of an HFB and al-
lowed to attach to the hollow-fibre membranes for 14 days until 
the total number of cells reached approximately 1 × 109. 
Subsequently, 100 virus-infected MDCK cells, in a 5 mL volume 
of medium, were introduced into the ECS of the bioreactor. 
Following viral infection, 0.5 mL of the ECS was sampled daily 
and assayed for infectious virus by plaque assay.

To follow up with the work of Hirschel et al.,22 Tapia et al.29 com-
pared the production of IAV in both adherent and suspension MDCK 
cells cultured in HFBs. The authors used a similar approach to the 
one described by Gardner et al.27 Briefly, MDCK and MDCK SUS2 
cells were seeded into the ECS of HBRs. Cells were allowed to 
grow for approximately 5 days. When maximum glucose uptake 
was observed, the cells were infected with either A/Puerto 
Rico/8/34 (H1N1) or A/Mexico/4108/2009 (H1N1) at an MOI of 
0.001. Viral production was monitored daily by TCID50 and haem-
agglutinin titres. By applying these procedures, Tapia et al.29 re-
ported viral titres of up to 8.11 × 1012 (total virions) and 2.10 ×  
1013 (total virions) for both MDCK adherent and MDCK SUS2 cells, 
respectively. Interestingly, cells could be cultured in the ECS of 
HFBs for up to 27 days (this included cell growth and infection 
time). For some of the experiments, the authors even describe a 
multiple harvest strategy during which the supernatant of the 
ECS could be harvested up to 14 times, therefore confirming the 
suitability of HFBs for long-term viral studies.

High-yield production of HCV was also achieved in a study con-
ducted by Pihl et al.,30 in which the authors were able to grow Huh 
7.5 cells in the HFBs for up to 69 days. By employing a multiple 
harvest strategy, Pihl et al.30 could recover a total harvest of up 
to 2.7 × 109 focal-forming units (ffu)/mL at the end of the study, 
with peak HCV infectivity titres of up to 7.6 log10 ffu/mL (on Day 
26 post seeding) using HFB cartridges of MWCO 20 kDa. 
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Although the authors remained consistent in the number of FFU 
used for infections in the HFBs (1.25 × 106 ffu), it was not clear 
throughout the study as to why there was a variation in the num-
ber of cells seeded in the cartridges for each hollow-fibre infec-
tion experiment. Nevertheless, this study revealed interesting 
findings related to the biological characteristics of HCV virions re-
covered from the HFBs (discussed in further detail below), which 
have not been addressed by other studies so far.

Overall, HFBs appear to be ideal platforms for high-yield pro-
duction of viruses in both adherent and non-adherent cells. 
These platforms can therefore have great application potential 
in vaccine development, large-scale amplification and produc-
tion of vaccines, especially inactivated vaccines, live attenuated 
vaccines, protein subunit vaccines, virus-like particle vaccines 
and replicating viral vector vaccines.

Drug resistance studies
As previously mentioned, HFBs can sustain the growth of cells at 
high densities for weeks and even months.23,29,30 This feature 
makes these cell culture platforms very useful models for the 
study of viral infections focusing on drug resistance generation 
and monitoring. In fact, the HFIM system can be used to identify 
both early and late mutations arising from drug exposure to spe-
cific antivirals. Selection of drug-resistant viruses under antiviral 
drug pressure is gaining ground and has been reported for 
many viruses.31 Given the limitations of animal models for long- 
term studies, developing experimental systems that can model 
the selection of resistant virus species under drug pressure, as of-
ten observed in humans, is of paramount importance, as this 
could allow researchers to explore the spacing of doses as well 
as the administration schedule of antiviral drugs to determine 
if the emergence of resistance can be suppressed.

Brown et al.32 used the HFIM system to model IAV resistance 
under drug pressure. To examine the effect of amantadine on the 
replication of IAV A/Albany/1/98 (H3N2), 102 IAV virus-infected 
MDCK cells were mixed with 108 uninfected cells and seeded in 
the ECS of HFBs. Each unit was then continuously infused with dif-
ferent concentrations of amantadine for 6 to 7 days. The ECS of 
the HFBs was sampled daily and assayed for infectious virus by 
plaque assay and for genomic viral RNA by real-time qRT–PCR. 
The authors also used HPLC tandem MS (LC/MS/MS) to determine, 
monitor and confirm the concentrations of amantadine present 
in both the ECS and the ICS of each HFB at different timepoints 
throughout the experiments. To identify mutations related to 
selective pressure due to the use of amantadine, the M2 gene 
of the progeny virus, sampled from the ECS of the HBRs, was 
sequenced.

Since continuous infusions of drug concentrations, represent-
ing AUC0–24 of 7.2, 19.2, 48 and 144 mg·h/L daily doses, failed to 
suppress virus replication, Brown et al.32 exposed MDCK cells, in 
the HFBs, to simulated concentrations equivalent to oral clinical 
doses of 66, 200 and 660 mg of amantadine once a day. The 
drug was initially given as an infusion over 1 h, which was then 
followed by a no-drug washout period resulting in a peak/trough 
concentration profile mimicking oral clinical exposure. The effect 
of these drug concentrations on virus replication was then deter-
mined by plaque assay (for infectious virus) and qRT–PCR. In this 
study, the authors were able to identify mutations in the M2 gene 

that were identical to those reported in clinical isolates. One ma-
jor (and of interest) conclusion from these experiments is that the 
HFIM system is indeed a suitable model to capture and study the 
emergence of resistant mutant virus (as occurring in the host, un-
der drug selection). Although the simulated drug regimens used 
in this study failed to prevent the emergence of IAV resistance to 
amantadine, even at higher drug concentrations, these data by 
Brown et al.32 highlight the HFIM system as a relevant system 
that can allow the modelling and study of mechanisms driving 
clinically observed antiviral resistance.

A drug resistance study was also conducted by Pihl et al.30 to 
assess HCV escape from the direct-acting antiviral (DAA) dacla-
tasvir (a drug targeting HCV NS5A). In this work, the Huh 7.5 cells 
were infected with HCV 5 days post seeding in the HFB. On Day 9 
post seeding, serum-containing medium was exchanged for 
serum-free medium, and the virus was harvested every 2 days. 
Daclatasvir was then added to the medium on Day 27 at a con-
centration of 64× EC50 and maintained in the medium at that 
concentration for over 18 days. Drug concentration was then in-
creased to 1024× EC50 and maintained in the medium for an 
additional 14 days, after which the treatment was terminated 
at Day 59 post seeding. Determination of HCV infectivity titres 
by fluorescent focus assay revealed that daclatasvir treatment 
did inhibit HCV infectivity (as demonstrated by the strong de-
crease in the amount of infectious HCV particles detected) fol-
lowing treatment initiation. Intriguingly, HCV viral RNA levels 
(measured by qRT–PCR on RNA extracted from the harvested 
supernatants) remained constant throughout the treatment, 
which suggests that the treatment did not prevent virus produc-
tion but caused most virions produced to become non-infectious. 
Following the increase of the treatment concentration from 64× 
EC50 to 1024× EC50, the authors interestingly observed the emer-
gence of an NS5A-Y93H substitution (assessed by direct se-
quence analysis), which conferred HCV escape variants a 
2645-fold resistance to daclatasvir, suggesting that lower doses 
may avoid the emergence of resistance.

Although the exact mechanisms by which this resistance 
occurred remains unclear, one possible explanation could be 
the fact that the increasing dose of drug exerts a selective 
pressure on viruses, which in turn develop mutations including 
those which confer them resistance to the antiviral drug. The 
viruses harbouring these mutations allowing them to escape 
drug pressure are then eventually selected for and begin to 
accumulate. This has been documented with oseltamivir for 
influenza viruses, with protease inhibitors such as amprenavir 
and saquinavir used for HIV treatment, and with cidofovir 
used for the treatment of vaccinia virus.33 Optimization of 
drug combinations is thus a clinically promising approach to 
address such drug resistance when multiple drug classes exist 
against a specific virus.

Few other studies that have assessed antiviral pharmacokin-
etics and pharmacodynamics (discussed in the PK/PD section) 
have also simultaneously assessed viral drug resistance in the 
HFIM system. As discussed in a later section of this review, Pires 
de Mello et al.34 for instance, have used the HFIM to demonstrate 
that the oseltamivir/zanamivir combination can effectively sup-
press drug-resistant H1N1 IAV, whereas in a similar study carried 
out by Brown et al.,35 it was found that a 600 mg twice-daily regi-
men of zanamivir could inhibit oseltamivir-resistant 2009 
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pandemic H1N1 influenza virus in the HFIM system. These studies 
are further discussed in the PK/PD section.

In the light of the above studies, it clearly appears that the 
HFIM can allow the emergence of drug-resistant mutant virus, 
harbouring mutations similar to those reported in clinics, to be 
captured as well as drug resistance under drug pressure to be 
studied. This system can equally allow the screening of antiviral 
doses favouring the emergence of such drug-resistant muta-
tions. All of this could have a significant clinical impact on pre-
scribed drug regimens for major viruses of human importance.

Antiviral PK/PD (dose-range 
and dose-fractionation) studies
According to Mehrotra et al.,36 pharmacokinetics (PK—‘what the 
body does to the drug’) describes the time course of the concentra-
tion of a drug in a body fluid (plasma or blood) that results from the 
administration of a certain dosage regimen. Pharmacodynamics 
(PD—‘what the drug does to the body’), on the other hand, de-
scribes the intensity of a drug effect in relation to its concentration 
in a body fluid, usually at the site of drug action.36

The HFIM system has the advantage that it is a highly con-
trolled system. Multiple variables such as dosing and drug admin-
istration time can be accurately adjusted. This makes it possible 
to precisely simulate a specific dosage regimen, allowing 
pharmacodynamics to be studied under in vivo equivalent phar-
macokinetic conditions.

PK/PD studies using the HFIM system have been performed for 
viruses such as IAV, HIV and Zika virus and for most of these stud-
ies, the pharmacodynamically linked index of the compound 
being evaluated was determined by first determining the EC50 
value of this compound in vitro in flasks. A dose-range study 
was then performed in the HFIM system to identify the daily ex-
posure (or exposure target) that will have a known antiviral effect 
in the HFIM system. Alternatively, the exposure target, either 
Cmax (the maximum concentration), AUC0–24 (area under the 
concentration–time curve from 0 to 24 h), or Cmin (minimum con-
centration), is determined in a dose-fractionation study where, 
for example, one hollow-fibre unit receives the drug at the de-
sired concentration in a continuous infusion manner, whereas 
other hollow-fibre units receive the drug as boluses (either single 
or broken up into several equal parts) followed by a no-drug 
washout. This results in a range of Cmax, AUC and Cmin values 
with drug concentrations usually set to mimic the half-life of 
the compound in vivo.37 Time above a threshold such as EC50 
or EC90 can also be calculated in washout experiments using 
pump settings and/or measured pharmacokinetics to predict 
the concentration–time course. Results from dose-fractionation 
experiments often determine the pharmacodynamically linked 
index of the antiviral compound for the virus under study.

The effect of the drug on the yield of cell-free virus (or virus 
replication) can then be determined by sampling the ECS of the 
bioreactor daily, measuring the amount of released virus by pla-
que assay or by ELISA (to determine the amount of viral antigen 
produced in the bioreactor over time). In addition, drug effect on 
virus replication can also be determined by sampling the ECS con-
tent and by counting the number of virus-infected cells by 
fluorescence-activated cell sorting (FACS) analysis of cells treated 

with fluorochrome-labelled monoclonal antibody to a specific 
viral antigen of the virus under study.37 Liquid chromatography 
with tandem MS (LC/MS/MS) can be used to determine and moni-
tor the actual concentration of antiviral drug in both the central 
reservoir and the ECS.

Influenza A virus (IAV)
Since the current clinically recommended dose and schedule of 
oseltamivir for the treatment of influenza in adults are 75 mg gi-
ven twice a day, McSharry et al.38 set out to examine whether 
there was a change in drug effect if the total dose (150 mg) 
was administered once a day. The authors used the HFIM system 
to determine the drug susceptibility and the pharmacodynami-
cally linked variable of oseltamivir for influenza virus A/Sydney/ 
5/97 (H3N2). Once the authors had determined the EC50 value 
of oseltamivir (in flasks) to be 10.23 ± 8.66 ng/mL, they per-
formed a dose-ranging study in the HFIM system. For this, 102 in-
fected AX-4 cells (a derivative of MDCK cells transfected with the 
human β-galactoside α-2,6-sialyltransferase 1 gene) were mixed 
with 108 uninfected AX-4 cells and loaded in the ECS of six 
hollow-fibre units. The units were infused with various concentra-
tions of the drug (0.1, 1, 10, 100 and 1000 ng/mL) in virus growth 
medium for 6 days. The effect of the drug on virus replication was 
determined daily by both plaque assay and haemagglutination 
assay, performed on supernatants collected from the ECS. To 
then determine the PK/PD index of oseltamivir, the authors 
performed a dose-fractionation study, during which one hollow- 
fibre unit received an exposure equivalent to 1 ng/mL (corre-
sponding to an AUC0–24 of 24 ng·h/mL) delivered by continuous 
infusion. A second hollow-fibre unit received the same exposure 
once a day (1 h infusion every 24 h). The third unit received the 
same exposure twice a day (two equal fractions every 12 h) 
whereas a fourth unit received the same exposure three times 
a day (three equal fractions every 8 h). Each infusion dose was 
followed by a no-drug washout to produce the appropriate 
half-life for this drug. The effect of the drug on virus replication 
was determined by sampling the units daily to measure the 
amount of released virus by both plaque assay and haemagglu-
tination assay. Drug concentrations in each HFIM system were 
monitored at various times by LC/MS/MS. Results from the dose- 
fractionation study revealed that all treatment arms effectively 
suppressed virus replication to the same extent, indicating that 
the PK/PD index for oseltamivir for the IAV R292 strain is the 
AUC0–24/EC50 ratio; although this finding remains to be clinically 
verified, it also suggests that it could be possible to treat influenza 
virus infection once daily with a dose of 150 mg/day.

A similar pharmacodynamics study was performed by Brown 
et al.35 to predict optimal dosing regimens for zanamivir against 
an oseltamivir-resistant [HK/09-H275Y] 2009 pandemic H1N1 
(pH1N1) influenza virus strain. The authors determined the EC50 
of zanamivir for this IAV strain to be 0.05 ng/mL. To determine 
if a once-a-day administration and/or lower doses of zanamivir 
could effectively suppress oseltamivir-resistant pH1N1 HK/09- 
H275Y viral replication to similar levels as the clinically recom-
mended dosing regimen, Brown et al.35 performed a dose-range 
and fractionation study in which average exposures to zanamivir 
at 1200, 600 or 300 mg administered once a day (q24h) or aver-
age exposures at 600, 300 or 150 mg administered twice daily 
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(q12h) were simulated over a 5 day period in hollow-fibre units 
containing 102 A/Hong Kong MDCK-infected cells mixed with 
108 uninfected cells. All dose regimens were followed by a no- 
drug washout to simulate the human half-life of 2.5 h and LC/ 
MS/MS was used to monitor zanamivir concentrations in the cen-
tral reservoir throughout the infections. All q12h regimens sup-
pressed viral replication better than q24h regimens. Moreover, 
q12h dosage regimens resulted in sustained dose response 
throughout the course of infection, with the 600 mg q12h dose 
regimen yielding maximal suppression of virus replication, there-
fore demonstrating that zanamivir can indeed inhibit the replica-
tion of oseltamivir-resistant pH1N1 HK/09-H275Y virus in MDCK 
cells. The fact that q12h regimens inhibited viral replication to a 
greater extent than q24h regimens suggests that the pharmaco-
dynamically linked index of zanamivir for the HK/09-H275Y IAV is 
the time for which the level of the drug is above the EC50 (T>EC50). 
This study is therefore in line with clinical practice and highlights 
the fact that clinical administration of IV zanamivir at a 600 mg 
q12h dosage is indeed sufficient to treat patients infected with 
oseltamivir-resistant influenza viruses.

The efficacy of combination therapy at suppressing IAV infec-
tions in the HFIM system was also demonstrated by Pires de Mello 
et al.34 In this study, the authors evaluated the efficacy of 
oseltamivir/zanamivir combination therapy at suppressing 
drug-resistant HK/09-H275Y H1N1 IAV in the HFIM system. 
Oseltamivir and zanamivir are neuraminidase inhibitors both tar-
geting the same viral protein (the neuraminidase of influenza 
viruses) although via different binding mechanisms. The evalu-
ation of such a combination therapeutic approach could be 
clinical beneficial, especially when considering the growing emer-
gence of antiviral drug resistance and the absence of novel anti-
viral compounds targeting resistant influenza viruses. In this 
study, 102 plaque forming units (pfu) of virus were mixed with 
108 uninfected MDCK cells and resuspended in 25 mL of viral 
growth medium. The virus-containing cell suspension was inocu-
lated into the ECS of hollow-fibre cartridges. Oseltamivir q12h 
(75 mg twice a day) and zanamivir q12h (600 mg twice a day) 
were delivered into the hollow fibres as a 1 h infusion monother-
apy or in combination, and daily viral burden was assessed by 
plaque assay on MDCK cells. To ensure the correct concentrations 
of oseltamivir and zanamivir were delivered to the hollow-fibre 
cartridges, drug concentrations in the central reservoir were 
quantified by HPLC/MS/MS. Zanamivir alone (regardless of expos-
ure) effectively suppressed HK/09-H275Y and provided sustained 
viral suppression by reducing peak viral titres by approximately 
4 log10 pfu/mL. Combination therapy, on the other hand, also dis-
played substantial antiviral activity against HK/09-H275Y and 
was as effective as zanamivir alone. In fact, all zanamivir- 
containing regimens (the clinical monotherapy exposure of 
600 mg twice daily, high monotherapy exposure and oseltami-
vir/zanamivir combination regimen), prevented the replication 
of drug-resistant HK/09-H275Y throughout the entire study 
(5 days). The effectiveness of this combination regimen against 
oseltamivir-resistant viruses makes this drug combination ap-
proach a rather beneficial treatment strategy over standard 
monotherapy regimens, since the current clinical regimen of 
oseltamivir (75 mg twice a day) appears to rapidly select for 
oseltamivir-resistant virus subpopulations in a mixed viral infec-
tion. Since oseltamivir/zanamivir combination was able to 

suppress the selection of oseltamivir-resistant viruses and pre-
vent their replication in a mixed infection model, this approach 
could clinically translate into using fewer doses of both drugs, 
while achieving the maximal viral suppression that will prevent 
the spread of drug-resistant strains.

Human immunodeficiency virus (HIV)
Over the past years, several PK/PD HFIM system studies have 
been performed to test the efficacy of a wide range of antivirals 
acting against HIV.

One of these studies involved HIV-1 and the integrase inhibitor 
raltegravir. Raltegravir is clinically administered as a 400 mg 
twice-daily dose. Once bound, the drug remains in the active 
site of HIV-1 integrase protein for a long time, suggesting that 
once-a-day dosing of 800 mg may be as efficacious as the re-
commended regimen of 400 mg twice a day. Brown et al.39

therefore set out to identify the PK/PD determinants for raltegra-
vir that allow for a once-a-day regimen. For dose-ranging studies, 
109 H9 cells infected with HIV IIIB were mixed with 108 uninfect-
ed CEM-SS cells and inoculated into the ECS of six polysulfone 
hollow-fibre cartridges. Raltegravir was then administered as a 
continuous infusion into five hollow-fibre cartridges, with one 
cartridge serving as the no-treatment control. The ECS of each 
cartridge was sampled daily for 6 days and the percentage of 
HIV antigen-positive cells was determined by flow cytometry 
analysis. In these dose-ranging studies, raltegravir inhibited 
cell-to-cell viral spread in a dose-dependent manner without 
completely suppressing viral spreading. The EC50 was determined 
to be 7.43 ng/mL. For dose-fractionation studies, 106 H9 cells in-
fected with HIV IIIB were mixed with 108 uninfected CEM-SS cells 
and inoculated into the ECS of nine hollow-fibre cartridges. 
Raltegravir was then administered as a 1 h infusion. Four car-
tridges received the total exposure once daily (q24h) and four 
cartridges received half the daily exposure twice daily (q12h). 
One cartridge did not receive drug and served as the no- treat-
ment control. Half-lives of 8, 4, 3 and 2 h were simulated and 
the percentage of p24 antigen-positive cells was determined by 
flow cytometry. According to the results from dose-fractionation 
studies, the antiviral activity of raltegravir was similar between 
q24h and q12h dosing regimens when pharmacokinetic profiles 
with longer half-lives of 8 versus 4 h (thus smaller clearance va-
lues) were simulated. Moreover, more frequent dosing (shorter 
dosing intervals) appeared to be required to provide maximal vir-
al suppression for pharmacokinetic profiles with shorter half-lives 
(larger clearance), meaning that for maximal viral suppression 
with shorter half-lives, raltegravir concentrations must remain 
above the EC90 value for at least 57% of the time for a 24 h period 
or free-drug trough concentrations must be >3 ng/mL. Although 
viral inhibition was similar between q24h and q12h dosage regi-
mens at 8 and 4 h half-lives, the q24h regimen was found to be 
not as efficacious as the q12h regimen when shorter half-lives 
were simulated. Hence the clinical dose frequency of q12h is re-
commended to account for interindividual variability in raltegra-
vir pharmacokinetics.

Another antiviral tested against HIV was the protease inhibitor 
A-77003. In this study by Bilello et al.,40 four HFBs were loaded 
with a mixture of 3.5 × 105 CEM-H9IIIB-infected cells and 3.5 ×  
107 uninfected CEM cells. One hollow-fibre unit served as the no- 
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drug control while the others received continuous infusion of 
0.063, 0.125 and 0.25 µM A-77003 (representing 0.5-, 1- and 
2-fold of the EC50 of 0.124 µM previously estimated in flasks re-
spectively) for 11 days. The continuous infusion regimens were 
simulated by adding A-77003 at the indicated concentrations 
directly to the medium circulating in the central reservoir. 
Hollow-fibre units were sampled daily and the A-77003 effect 
on viral replication was assessed by p24 ELISA. Although 
A-77003 showed a dose-response over time, the compound 
failed to completely inhibit virus replication, even at higher con-
centration of 0.25 µM. To determine a drug concentration that 
can effectively inhibit HIV infection and virus spreading, Bilello 
et al.40 repeated these pharmacodynamics experiments and ex-
posed mixtures of 107 CEM uninfected cells and 105 

CEM-H9IIIB-infected cells (infected-to-uninfected ratio of 1:100) 
to continuous infusions of 0.5, 1 and 2 µM (representing 4, 8 
and 16 times the EC50). Viral infection was assayed in cell-free 
medium by p24 antigen ELISA while virus spreading was assayed 
by flow cytometry. Interestingly, the authors also analysed un-
integrated HIV-1 DNA by PCR amplification of the DNA in the 
Hirt-extracted supernatants at 3, 5 and 7 days post infection. 
These various analyses revealed that HIV-1 replication and 
spreading is completely inhibited when cells are treated with 
0.5 µM A-77003. Although 0.5 µM A-77003 completely inhibited 
HIV in the hollow fibre, this drug concentration was not clinically 
effective and could therefore not be used in clinic due to toxicity 
concerns including phlebitis.41

Another protease inhibitor evaluated in the HFIM system 
against HIV-1 was atazanavir (BMS-232632). In this study by 
Drusano et al.,42 four hollow-fibre units containing a mixture of 
HIV-infected (1% of the total cell population) and uninfected 
cells were infused with atazanavir. In the unit serving as the 
negative control, only growth medium was circulated. The se-
cond unit, serving as the positive control, was continuously in-
fused with 4× EC50. In the third unit, atazanavir was circulated 
with a peak concentration of 56.7 nM at 2 h (with a 5.5 h terminal 
half-life) producing a 24 h concentration of 3.55 nM and an AUC 
that was the same as that for the continuous infusion unit. The 
fourth unit was exposed to atazanavir at a regimen estimated 
to cause equivalent suppression to the continuous-infusion 
unit and required a 4-fold higher AUC than that used in the 
third unit. The intermittent administrations of drug in the third 
and fourth units were performed daily for the duration of the 
experiment (9 days of infection). Viral infection was quantified 
by measuring the amount of p24 antigen released in the 
supernatants. Although 4× EC50 administered as a bolus 
followed by a no-drug washout failed to suppress virus replica-
tion past 9 days of infection, virus replication was completely 
inhibited by continuous infusion at 4× EC50 and by 16× EC50 
delivered as a bolus followed by a no-drug washout, suggest-
ing that the time above the EC50 is the linked variable and 
that 16× EC50 could completely suppress virus replication if 
clinically administered on a daily schedule (once-a-day clinical 
dosing has been confirmed by Sanne et al.43 in a subsequent 
clinical study).

Similar pharmacodynamic studies have been performed with other 
HIV-1 inhibitors including: stavudine [2′, 3′-didehydro-3′-deoxythymi-
dine (d4T) a nucleoside analogue],44 abacavir (a nucleoside ana-
logue)45 and amprenavir in combination with ritonavir (protease 

inhibitors),46 further demonstrating the power of this system as a suit-
able platform for in vivo dose-range and dose-fractionation studies.

Chikungunya virus (CHIKV)
The lack of antiviral treatment for the mosquito-borne viral dis-
ease caused by CHIKV has led Gallegos et al.47 to evaluate the 
antiviral activities of ribavirin and IFN-α as potential therapeutic 
options for CHIKV disease treatment. In this study, the authors 
used the HFIM to experimentally validate the PK/PD model simu-
lations that they performed to predict the anti-CHIKV response 
associated with ribavirin and IFN-α treatments. Two cellulosic 
HFBs were inoculated with 108 Vero cells and 100 pfu of CHIKV. 
The first cartridge served as a control while the second cartridge 
received a continuous infusion of a combination of ribavirin and 
IFN-α at exposures equivalent to 24 h human plasma AUC0–24. 
Supernatants were harvested 24 h after therapy and viral burden 
was assessed by plaque assay. While this study revealed that the 
combination of ribavirin and IFN-α at standard clinical regimens 
can potentially reduce CHIKV levels by 99% 24 h after therapy, 
it also demonstrated that ribavirin and IFN-α are highly synergis-
tic for the inhibition of CHIKV infection. It equally revealed that 
the HFIM can be a powerful tool for experimental validation of 
predicted antiviral activities. Indeed, the PK/PD model simula-
tions used in this study predicted that this antiviral combination 
would yield a 2.5 log10 reduction in viral burden after 24 h—a 
prediction that was experimentally validated in the HFIM (a 
2.1 log10 reduction in viral burden was observed), highlighting ri-
bavirin/IFN-α combination as a potential therapeutic strategy for 
the treatment of CHIKV infections. A synergistic interaction be-
tween ribavirin and IFN could clinically translate into the use of 
lower concentrations of each drug in combination for maximal 
viral inhibition with reduced side effects.

Dengue virus (DENV) and Zika virus (ZIKV)
Ribavirin and IFN-α drug combination was also assessed by Pires 
de Mello et al.24 as a potential antiviral therapeutic approach to 
treat DENV. The authors first determined the EC50 values of 
each drug by evaluating their antiviral activity (as single agents 
or in combination) in confluent monolayers of cells grown in 
6-well plates; values were determined over the entire time 
course of the assay by calculating the AUC for all monotherapy 
arms. To then examine the effect of the window of treatment ini-
tiation on the effectiveness of this drug combination on DENV, 
105 pfu of DENV were mixed with 108 Huh-7 cells and inoculated 
into the ECS of a cellulosic HFB. A total of six cartridges were used, 
with one serving as a no-treatment control. In this experiment, 
previously known HCV (belonging to the same family as DENV) 
clinical regimens of IFN-α/ribavirin combination were simulated, 
and treatment was then initiated at different timepoints post in-
oculation (0, 2, 6, 12 and 24 h) in the remaining cartridges. 
Likewise, in another experiment, the authors evaluated the ef-
fects of clinical exposures of IFN-α/ribavirin after 24 h post infec-
tion. In this case, 108 Huh-7 cells were mixed with DENV at an moi 
of 0.001 pfu/cell and inoculated into the ECS of a cellulosic 
hollow-fibre cartridge. A total of four cartridges were used for 
this experiment. Twenty-four hours post infection, clinical doses 
of ribavirin (600 mg twice a day) and IFN (36 million IU twice a 
day) were administered into the hollow-fibre unit, for 3 days 
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(either singly or in combination) with one cartridge serving as the 
no-treatment control. Both experiments were conducted over 
3 days, and the ECS of each cartridge was sampled daily and viral 
burden was quantified by plaque assay on Vero cells.

These experiments revealed that: (i) viral suppression greatly 
increased with early drug administration; (ii) ribavirin/IFN com-
bination therapy can potentially reduce DENV infection by 99%, 
even when treatment is administered after 24 h post infection, 
although ribavirin alone cannot effectively suppress DENV; and 
(iii) IFN alone inhibited DENV infection to levels similar to the 
combination regimen, suggesting that the antiviral effects of 
this combination therapy at inhibiting DENV infection are mostly 
attributed to IFN alone and the addition of ribavirin could only in-
crease the risk of toxicity. Therefore, IFN as a monotherapy regi-
men represents a clinically more effective and safer treatment 
option for DENV infections. It is, however, important to note 
here that this IFN antiviral activity against DENV was only ob-
served in Huh-7 cells and could not be recapitulated when the ex-
periments were performed on Vero cells. Although Huh-7 cells 
are of human origin and possess a functional IFN mechanism 
lacking in Vero cells (IFN-deficient monkey deriving-cells that 
can respond to exogenous IFN), this specific finding highlights 
the importance of proper host cell selection when performing 
preclinical drug evaluations in the HFIM.

Pires de Mello et al.25 equally assessed the broad-spectrum 
polymerase inhibitor favipiravir in the HFIM for its antiviral proper-
ties against ZIKV. The authors began by evaluating the EC50 con-
centrations of this compound in a 6-well plate 4 day experiment. 
Once the EC50 values were established, drug evaluation was then 
performed in the HFIM system. Huh-7 cells (108) were mixed with 
105 pfu of ZIKV (MOI 0.001 pfu/cell) and inoculated into the ECS 
of a cellulosic hollow-fibre cartridge. A total of six cartridges were 
used. As one cartridge served as a no-treatment control, favipir-
avir was administered as a continuous infusion into the remain-
ing five cartridges at concentrations of 0, 31.25, 62.5, 125, 250 
and 500 µM for 7 days. In a second experiment, the authors va-
lidated their novel deterministic model simulations predicting the 
viral burden profiles of ZIKV after administration of clinically rele-
vant favipiravir dosage regimens. One cartridge received a 1 h in-
fusion of favipiravir corresponding to a low IAV dose regimen, 
whereas the second cartridge received a 1 h infusion of favipiravir 
corresponding to a high Ebola virus dose regimen. The third cart-
ridge received no drug and served as a no-treatment control. All 
three cartridges were inoculated as previously described. For 
both types of experiments, viral burden was assessed by plaque 
assay on Vero cells. To ensure that the desired drug profiles were 
achieved in the HFIM system, the central reservoir of the HFIM 
system was sampled daily and drug concentrations were mea-
sured by LC-MS/MS.

One technically important remark here is that DMSO, used to 
solubilize the drug, was maintained in the assay medium at a 
1% final concentration (to ensure that favipiravir remained sol-
uble throughout the experiments), and this was also allowed in 
the no-treatment control. Results of both types of experiments 
showed that favipiravir can inhibit ZIKV replication in Huh-7 cells 
in a dose-dependent manner, with 500 µM showing the highest 
level of inhibition. Both the IAV and the Ebola virus regimens 
tested in the HFIM were able to reduce ZIKV burden by more 
than 99% at Day 5 (although the IAV regimen showed a slightly 

higher inhibition at Day 7). Additionally, the novel model devel-
oped by the authors (MBM model) to predict ZIKV viral burden 
profiles was consistently validated in the HFIM, again demon-
strating its suitability as an alternative ‘in vivo-like’ system for 
drug evaluations. Although the Ebola regimen simulated in this 
study represents a more effective therapeutic approach that 
could be clinically used for the treatment of ZIKV-infected pa-
tients, the issues related to drug toxicity of such high drug expo-
sures need to be fully investigated for this regimen to be 
implemented in clinics. Nevertheless, the low-dose influenza 
regimen, which is nearly half the exposure of the Ebola regimen, 
offers a safer and still effective therapeutic option presenting less 
drug-related toxicity, if the treatment is initiated at early stages 
of infection.

Vaccinia virus (VV)
A pharmacodynamic study on cidofovir (a phosphonate nucleo-
tide drug) in the HFIM system has also been conducted by 
McSharry et al.26 Cidofovir is a viral DNA polymerase inhibitor cur-
rently approved for use against cytomegalovirus retinitis and for 
the emergency treatment of smallpox or complications following 
vaccination. In this study by McSharry et al.,26 four viral strains of 
VV were tested. The EC50 for cidofovir for each viral strain was first 
determined on HeLa-S3 cell monolayers, grown in 25 cm2 tissue 
culture plasticware, and infected at an MOI of 0.01 pfu/cell and 
treated with various concentrations of cidofovir 3 to 5 days 
post infection (depending on the viral strain being tested), viral 
burden was estimated by plaque as assay as previously described 
by Earl et al.48 To demonstrate viral growth in the hollow fibre, a 
25 mL mixture of 108 uninfected HeLa-S3 cells and 106 

VV-infected HeLa-S3 cells was injected into the ECS of each of 
the three different polysulfone hollow-fibre cartridge (20 kDa 
MWCO) units used for this purpose (each unit corresponding to 
each VV strain). Viral growth was then measured by plaque assay 
on the cell-free supernatant sampled from the ECS over 4 days of 
infection. Given that the VV-WR strain expressed the HIV p24 
antigen following infection, p24 ELISA was also performed to 
quantify viral release with this specific strain. A similar procedure 
was used for dose-range studies, in which media containing vari-
ous concentrations of cidofovir (0, 12.5, 25, 50, 100 and 200 µM) 
were pumped as continuous infusions in six different hollow-fibre 
units over 3 days. For dose-fractionation studies, cidofovir was in-
fused into the central reservoir either as a bolus or as a continu-
ous infusion. Boluses (or intermittent exposures) were 
administered over a 1 h period followed by a no-drug washout 
(to simulate normal human half-life). A total of two dose- 
fractionation studies were performed and actual cidofovir 
concentrations in each HFIM system at each timepoint were de-
termined and monitored by LC-MS.

All three VV strains used in this study grew well in the HFIM 
system, with the IHD-J strain yielding the highest virus titre at 
the end of the experiment (4 days post infection.). When admi-
nistered as a continuous infusion, cidofovir was only able to com-
pletely suppress VV replication at 200 µM (with 50% inhibition 
caused by approximately 38 µM), suggesting that larger expo-
sures (AUC) of this drug are required to substantially reduce viral 
titres, which therefore raises important clinical questions related 
to its toxicological safety profile. It is important to note here that 
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the licensed dose of cidofovir is 5 mg/kg. It is thus interesting to 
see that 3 µM continuous infusion of cidofovir (corresponding to a 
10 mg/kg dose of cidofovir with an AUC0–24 of 72 µM·h) failed to 
significantly inhibit viral replication in this HFIM system, suggest-
ing that the licensed 5 mg/kg dose might also not have any sig-
nificant antiviral effect against this virus (suggesting that 
further in vivo studies in animal models need to be performed).

Although the authors only reported the results of the first 
dose-fractionation study for the VV-WR strain, it would have 
been interesting to see if these findings also held for the two 
other VV strains mentioned in the study. The fact that the authors 
found no substantial difference in antiviral effect between both 
drug administration profiles (boluses and continuous infusions) 
led them to conclude that the pharmacodynamically linked vari-
able for cidofovir for VV is the AUC/EC50, meaning that the anti-
viral effect observed at higher doses could also be independent 
of the route of administration of the drug.

With the HFIM, it is therefore possible to determine the dosage 
and the spacing regimen allowing maximal viral suppression dur-
ing infection. The effects of interindividual variability on the 
pharmacokinetics of some antiviral compounds can also be si-
mulated using this system. This alternative ‘in vivo-like’ system 
for drug evaluations therefore stands as a powerful tool for ex-
perimental validation of predicted antiviral activities, although 
for some antiviral compounds presenting high pharmacokinetic 
variability such as raltegravir, further clinical studies might still 
be required to confirm the evaluated drug dosing and treatment 
regimens.

Discussion
Given the scarcity of the literature describing the applications of 
the HFIM system for viral infection studies, we undertook this 
work to provide researchers in this field with some of the neces-
sary technical knowledge surrounding the use of the HFIM sys-
tem for studies involving eukaryotic viruses, of mostly human 
importance. As pointed out by Sadouki et al.,2 there is wide vari-
ability in the reporting of most HFIM system studies, which we 
also noticed when editing the current research work. Our work 
therefore also aimed at summarizing the different infection ap-
proaches as well as readouts described in the available literature 
for the use of this system in eukaryotic viral infection studies.

As the HFIM system can be used in specific types of infection 
studies, a few recommendations can be considered when employ-
ing this system. As best practice before performing any infections in 
the HFIM system, it is recommended to initially perfuse the system 
and the cartridges with PBS for at least 2 days, followed by an add-
itional 24 h treatment with cell growth medium, as reported by 
McSharry et al.38 and Pihl et al.30 This procedure will allow for the 
removal of any residues (probably resulting from the hydrophobic 
coating of the fibres and the manufacturing process of the car-
tridges) that could be toxic to the cells seeded in the cartridges. 
Additionally, since it is important to attempt to mimic a host natural 
in vivo infection, we also recommend initiating viral infections in the 
HFIM system by mixing virus-infected and non-infected cells before 
inoculation into the hollow-fibre cartridge. This procedure has been 
documented in most of the studies reported in this review. As 
the MOI used for the infection in this system seems to greatly de-
pend on the type of study to be carried out, it is therefore logical 

to use high MOI (for instance 5–10) for viral expansion studies 
and low MOI (for instance 0.001) for drug resistance and PK/PD 
studies.

High MOI infections often provide viruses with increased gen-
etic diversity, which in turn increases the chances of drug escape 
mutants. Moreover, drug resistance (or at least reduced drug sus-
ceptibility) resulting from high MOI infection (for both cell-to-cell 
infection and cell-free virus infection) has been reported during 
HIV-1 treatment with the NRTI tenofovir,49 possibly explaining 
why low MOI would be adequate when conducting drug resist-
ance and PK/PD studies.

During viral expansion studies, it is possible that the amount of 
serum contained in the media might affect the amount of virus 
recovered at the end of the study, as observed by Leong et al.21

and Pihl et al.30 Although in the Pihl et al.30 study serum-free 
media (AEM) yielded the highest virus titres (2.4 × 109 ffu), 15% 
FCS-containing medium has equally been demonstrated to yield 
high titres of HIV p24 antigen by Leong et al.,21 despite the fact 
that other parameters such as IL-2 concentrations and glucose 
content also accounted for this high yield in this later study. 
Therefore, the choice of medium composition should be guided 
by the growth requirements of the cell type used for the study.

Leong et al.21 also found that 5 kDa MWCO bioreactor car-
tridges generated lower p24 yields than 20 kDa MWCO car-
tridges, a finding which suggests that the choice of the MWCO 
of the cartridge might have an impact on the viral yield. We 
have nevertheless noticed that most studies reviewed in this 
work reported using 20 kDa MWCO cartridges. Most studies re-
ported using polysulfone cartridges, which appear to be specific-
ally good for cell culture as they allow better cell growth and high 
cell densities of both adherent and suspension cells.5,50

Nonetheless, few studies have also reported a successful use of 
cellulosic cartridges.24,25,47 Even though this type of cartridge is 
not recommended for mammalian cell culture,5,50 they are, how-
ever, suitable for use in antibiotic PK/PD applications as well as in 
vitro toxicology studies, especially if the compound under study 
has a greater binding affinity for polysulfone hollow-fibre mem-
branes than cellulosic hollow-fibre membranes, therefore redu-
cing its distribution and availability throughout the entire HFIM 
system. We have summarized in Table 1 the different aspects 
surrounding the use of the HFIM system for eukaryotic viral 
studies.

As nutrients are continuously pumped through the system to 
support cell growth, antiviral agents can be added and removed 
at a rate that simulates human pharmacokinetic patterns for the 
antiviral agent. With this system, it is therefore possible to simu-
late interpatient pharmacokinetic variability by altering the clear-
ance39 and the half-life of the drug under study. While dosing is 
commonly achieved with automated or manual syringe drivers, 
simulations of IV boluses or continuous infusions can be done 
by adding the drugs to either the diluent reservoir (continuous in-
fusion) or the central reservoir (IV bolus).

Pihl et al.30 addressed a few important features related to the 
biology of viruses grown in the HFIM system. Long-term culture 
and passaging of some viruses in tissue culture plates have 
sometimes led to their adaptation and attenuation (also charac-
terized by a loss of pathogenicity). By sequencing the entire cod-
ing sequence of HCV, Pihl et al.30 demonstrated that HCV grown in 
HFBs presented a very high genetic stability as well as a very low 
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level of heterogeneity (of the viral population) from the early to 
the late harvests (with only a slight increase in heterogeneity 
over time). Moreover, HCV grown in HFBs exhibited similar charac-
teristics as the ones grown in cell cultures (similar density, 
spreading kinetics, infectivity titres, and sensitivity to neutraliza-
tion with human monoclonal IgG). Although their study was lim-
ited to HCV, it is also possible that these findings apply to other 
viruses, especially when considering that the HFIM system allows 
the cells to be cultured at densities close to in vivo-like conditions, 
without the need for cell division, which is one of the many ad-
vantages of this system that we have summarized in Table 2, to-
gether with its disadvantages. Additionally, the system allows 
serial evaluation of drug exposure profiles, as well as drug effi-
cacy (as previously mentioned), of antiviral compounds at con-
centration–time profiles identical to that achievable in humans.

The HFIM system is a closed system, meaning that most intracel-
lular processes cannot be visualized. This limitation greatly restricts 
its applications to only specific types of studies where only the cellu-
lar products released in the ECS can be assessed and monitored. 
Similarly, the biology of some cell lines or viruses (especially those 
not chronically infecting cells), might favour more a cell-to-cell 
spreading mechanism, rendering this system not suitable for use 
for all types of viruses or cells, since the virus (or the cellular product 
to be assessed) must be released in the ECS for viral quantification to 
be performed. Furthermore, unlike in a natural host infection scen-
ario, this in vitro system is devoid of most immune components often 
found in natural hosts (except for innate immune mechanisms de-
ployed by cells capable of mounting an interferon antiviral response, 
with the exception of Vero cells, which lack interferon response). 
Therefore, viral infection kinetics in this system are certainly different 
than those occurring in human clinical studies. Nevertheless, the 

model more closely represents infections in immunocompromised 
individuals, presenting an impaired immune system devoid of im-
mune cells and where resistant infections are often more prevalent.

Despite the robustness of this system at accurately simulat-
ing clinically achievable concentrations of antivirals, some 
dosage and drug regimens evaluated in this system failed to 
be clinically achievable, as previously seen for the oseltamivir/ 
zanamivir combination,34 raltegravir39 and the protease 
inhibitor A-77003.40 The mechanism of action of the antiviral 
compound (strong or weak binding to the active site, conform-
ational change of the compound prior to binding), its mode of 
administration, its rate of adsorption, its bioavailability and dis-
tribution, its natural tissue target, its half-life, as well as interin-
dividual variability of the pharmacokinetics of some antiviral 
compounds, are all possible factors capable of influencing the 
clinical validation of some of the antiviral activities of some 
compounds predicted in the HFIM system, which therefore hin-
der the translation of the predicted dose regimens into clinical 
practice. This means that human clinical studies might still be 
needed to validate and confirm the antiviral concentrations 
predicted in this system. Moreover, the experiments performed 
in the HFIM system might even also need to be repeated in more 
than one cell line. Indeed, as observed by Pires de Mello et al.,25

IFN antiviral activity against DENV in this system for instance, 
could only be observed with Huh-7 cells and could not be reca-
pitulated with Vero cells. Although differences in the biology of 
these two cell lines, as mentioned above, is a possible explan-
ation for this inconsistency, the fact that this system may not 
be suitable for all eukaryotic cell types can also not be com-
pletely ruled out. Nonetheless, this system represents a great 
tool to evaluate the efficacy of antiviral compounds targeting 

Table 2. Hollow-fibre advantages and disadvantages with eukaryotic virus cultures

Advantages Disadvantages

• Allows higher density cell cultures (up to 109 cells)
• Extended duration experiments possible (up to 2 months) without the 

need to divide the cells
• Closed sterile system
• Allows controlled drug concentrations to be monitored
• Can accurately mimic PK/PD of target drug compounds
• No immune system—could replace immunocompromised animal models
• Continuous sampling of cultures over time (as well as multiple harvest of 

the virus)
• Can be used to express and purify proteins
• Controllable protein size exclusion
• Relatively inexpensive compared with clinical studies
• Can be used to monitor the emergence of drug-resistant viruses, as well as 

drug concentrations, allowing the emergence of these drug-resistant 
viruses

• Could be used to replace humans (or in vivo animal models) in trials for 
antiviral compounds showing efficacy against viruses usually associated 
with high mortality and morbidity

• Can successfully predict the exposure response and schedule response 
identical to those reported in clinical trials

• Hard to maintain sterility
• Maintenance of liquid-tight integrity can be difficult
• Assembly is challenging
• Technically complex system with lots of pumps and tubing, not so 

user friendly unless training is provided
• Requires large amount of medium and reagents
• Most intracellular processes cannot be visualized
• System restricted to specific types of studies
• Does not account for immune system response
• Adherence of cells to fibres/filter module could make quantification 

difficult
• Some drugs adhere to polycarbonate module shell— 

pharmacokinetics testing required for each drug to ensure correct 
Cmax is achieved

• Dosage regimens estimated in this system may still require further 
in vivo validations for certain compounds
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viruses associated with high morbidity and mortality and for 
which humans (or animal models) cannot be used in clinical 
studies.
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