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Cancer immunotherapy & oncolytic virotherapy

Oncolytic virotherapy

Oncolytic viruses (OVs): viruses genetically
modified to selectively infect, replicate in and kill
tumour cells (Pol et al., 2012)

OVs have limited or no impact on normal tissues

For a long time: therapeutic efficacy depends on
direct viral-tumour interaction (immune system
impaires virus delivery & spread)

virocentric view

More recently: OVs induce anti-tumour
immunity, which is a key factor in treatment
outcome

immunocentric view

Overall, interaction between OVs and immune
cells is not fully understood...

http://oncolyticvirus.files.wordpress.com/2010/12/oncolytic−virus−in−action.jpg

Oncolytic viruses

Infectious diseases: we 
want to control the 

infections & eliminate 
viruses causing them…

Non-infectious 
diseases: viruses can be 

used as treatments for 
these diseases (control & 

increase replication)  

Non-infectious diseases:
oncogenic viruses: we 
want to control & 
eliminate them…

(e.g., oncolytic viruses in 
cancer treatment)
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Box 2

SARS-CoV-2 recombinants
When two RNA viruses co-infect the same cell within an individual, 
there is a high chance during genome replication that the polymerase 
will switch from one genome sequence template to the heterologous 
genome. This results in a recombinant virus with part of its genome 
from one ‘parent’ and the remaining genomic sequence from the 
other (see the figure, part a). Several recombinant lineages have 
been identified in di"erent locations and designated by the PANGO 
classification system since 2020 (ref. 10), identifiable by the ‘X-’ lineage 
prefix. Recombinants have been unambiguously identified when 
genetically distinct variants, such as two variants of concern, have 
transiently co-circulated leading to co-infections. For example the 
first assigned recombinant lineage, XA, was a recombinant between 
Alpha (B.1.1.7) and the lineage previously circulating in the UK, B.1.177 
(ref. 202). XC was a recombinant between Alpha and Delta found 
in Japan203.

From the start of 2022, the number of recombinants identified 
rapidly increased, which was likely due to high levels of co-circulation 
between Delta and BA.1, or BA.1 and BA.2, in many countries at a time 

of phasing out of COVID-19 restrictions. Another explanation is better 
confidence in identifying recombinants, owing to higher sequence 
divergence among the genomes of Delta, BA.1 and BA.2. One 
example recombinant is XD — a Delta × BA.1 recombinant first found 
in January 2022 in France204. XD has two genome breakpoints, with a 
backbone and part of the spike protein amino-terminal domain from 
Delta and the remainder of the spike protein from BA.1 (see the figure, 
part b). Functionally, XD has been shown to have an intermediate 
pathogenicity phenotype between BA.1 and Delta in transgenic mice 
expressing human angiotensin-converting enzyme 2 (ACE2) under 
the control of the keratin 18 promoter, causing moderate weight loss, 
suggesting part of the di"erential rodent pathogenicity phenotype  
of Delta and BA.1 maps outside the spike protein204.

A second notable recombinant in the UK is the BA.1 × BA.2 
recombinant XE, which was first detected in England on 19 January 
2022. Before it was outcompeted by BA.5, XE comprised more than 
2,500 genomes, mostly from the UK, and preliminary data suggest 
a modest increase in growth rate compared with BA.2 (ref. 205). 
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currently active clinical trials with OV and different combination therapies are presented
in Table 3.

Figure 1. Therapeutic features of oncolytic virotherapy and ways to improve it. Multiple steps are involved in successful
oncolytic virotherapy. First, the virus must be delivered successfully to the tumor bed or TME using an optimized delivery
method. Second, the OV must replicate and spread efficiently in the tumor bed, causing oncolysis and release of tumor
selective immune stimulating molecules. Third, the OV must function as an immunotherapeutic agent to activate strong
innate and adaptive anti-tumor immune responses. All these steps can be further improved by engineering OVs to express
suitable transgenes and by combination with other agents or therapies. TME, tumor microenvironment; DAMPS, danger
associated molecular patterns; PAMPs, pathogen associated molecular patterns; ICD, immunological cell death; MSCs,
Mesenchymal stem cells; NSCs, neural stem cells; ICIs, immune checkpoint inhibitors; TAAs, tumor associated antigens.

6.1. Combination with Traditional Radiotherapy and Chemotherapy
Traditional therapies such as radiotherapy (RT) and chemotherapy have been used

either alone or in combination. Radiotherapy is mostly used for the local control of tumors
and displays a wide range of antitumor effects [99]. However, due to OVs limited success,
radiotherapy plus OVs have been studied as a combination therapy in preclinical mod-
els and a limited number of clinical trials. Oncolytic VACV, HSV, VSV, and adenovirus
have shown therapeutic benefits combined with RT [100–102]. The combination of RT
with OV has synergistic antitumor effects, and can be particularly effective against ag-
gressive tumors for which other therapies failed [103]. For example, OV Delta-24-RGD
in combination with RT was tested in pediatric high-grade gliomas (pHGG) and diffuse
intrinsic pontine gliomas (DIPGs) models [104]. In these models, OV downregulated DNA
damage repair proteins, sensitized tumor cells to the effect of RT, enhanced trafficking
of immune cells, and enhanced overall survival of mice. Thus, OV-mediated inhibition
of cellular DNA repair pathways can sensitize tumors with RT [102]. Similarly, oncolytic
VSV expressing IFN� (VSV-IFN�) in combination with RT enhanced antitumor immune
response and tumor reduction in syngeneic models [105]. Currently, a phase I clinical trial
for locally advanced rectal cancer with a chimeric adenovirus type 11p (Enadenotucirev)
and chemoradiotherapy, radiotherapy, and chemotherapy (capecitabine, a non-cytotoxic
pre-cursor of 5-fluorouracil) is in progress (NCT03916510).

Conventional chemotherapeutics were tested with OVs to enhance the therapeutic
effects of OVs. The goal was to reduce the dosage and toxic effects of the drug while
enhancing the efficacy of OVs in the tumor microenvironment. However, in some cases,
depending on the type of chemotherapeutic drugs and dose regimens used, certain drugs
acted as antivirals and also reduced viral replication in the tumor bed. This combination

cancers

Review

Oncolytic Viruses: Newest Frontier for Cancer Immunotherapy

Masmudur M. Rahman * and Grant McFadden

!"#!$%&'(!
!"#$%&'

Citation: Rahman, M.M.; McFadden,

G. Oncolytic Viruses: Newest Frontier

for Cancer Immunotherapy. Cancers

2021, 13, 5452. https://doi.org/

10.3390/cancers13215452

Academic Editor: Masataka Suzuki

Received: 21 September 2021

Accepted: 29 October 2021

Published: 29 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Center for Immunotherapy, Vaccines and Virotherapy, Biodesign Institute, Arizona State University,
Tempe, AZ 85287, USA; grantmcf@asu.edu
* Correspondence: masmudur.rahman@asu.edu

Simple Summary: Oncolytic viruses (OVs) are viruses that selectively target and kill cancer cells
while sparing normal ones. OVs are from diverse families of viruses, but naturally occurring
OVs have been genetically engineered due to their limitations in therapeutic application. These
engineered OVs with enhanced tumor targeting ability, oncolytic activity, or generating potent anti-
tumor immune responses are tested in preclinical animal models and cancer patients in clinical
trials. Due to their multi-mechanistic anti-tumor effects, OVs have emerged one of the key cancer
immunotherapy agents. However, due to the limited success with novel anti-cancer therapies such
as immunotherapies and cell-based therapies, combination therapies should be tested with OVs. We
discuss such combination therapies that are explored to further improve oncolytic virotherapy.

Abstract: Cancer remains a leading cause of death worldwide. Despite many signs of progress,
currently available cancer treatments often do not provide desired outcomes for too many cancers.
Therefore, newer and more effective therapeutic approaches are needed. Oncolytic viruses (OVs)
have emerged as a novel cancer treatment modality, which selectively targets and kills cancer cells
while sparing normal ones. In the past several decades, many different OV candidates have been
developed and tested in both laboratory settings as well as in cancer patient clinical trials. Many
approaches have been taken to overcome the limitations of OVs, including engineering OVs to
selectively activate anti-tumor immune responses. However, newer approaches like the combination
of OVs with current immunotherapies to convert “immune-cold” tumors to “immune-hot” will
almost certainly improve the potency of OVs. Here, we discuss strategies that are explored to further
improve oncolytic virotherapy.
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1. Oncolytic Virus: Multi-Mechanistic Cancer Therapeutics
1.1. Oncolytic Virus: Brief Background and History

Oncolytic viruses (OVs) were selected for development because they can selectively
infect and kill cancer cells but spare their normal cellular counterparts. Treatment of cancer
with live oncotropic viruses has a long history. Even before the first reported formal clinical
trial with an OV in 1949, there were case reports since the mid-1800s suggesting that natural
microbial infections in cancer patients can sometimes temporarily regress tumor burden.
The potential therapeutic role of viruses in particular was further established in the late
1890s by an observation that a “flu-like” disease associated with diffuse inflammation
coincided with reducing tumor cells in a leukemic patient. Beginning 1949, many clinical
trials were undertaken using different types of wild-type non-attenuated viruses [1–3].
Shortly thereafter, the trend in the OV field evolved to exploiting genetically modified
viruses with less pathogenicity to humans, such as live attenuated vaccines. In the past
20–30 years, the transition has continued to the modern era of using genetically modified
viruses for cancer therapy, including the exploitation of knockouts of virus genes and/or
knockins of therapeutic transgenes, mainly due to enhanced knowledge and tools of
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trial with an OV in 1949, there were case reports since the mid-1800s suggesting that natural
microbial infections in cancer patients can sometimes temporarily regress tumor burden.
The potential therapeutic role of viruses in particular was further established in the late
1890s by an observation that a “flu-like” disease associated with diffuse inflammation
coincided with reducing tumor cells in a leukemic patient. Beginning 1949, many clinical
trials were undertaken using different types of wild-type non-attenuated viruses [1–3].
Shortly thereafter, the trend in the OV field evolved to exploiting genetically modified
viruses with less pathogenicity to humans, such as live attenuated vaccines. In the past
20–30 years, the transition has continued to the modern era of using genetically modified
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Box 2

SARS-CoV-2 recombinants
When two RNA viruses co-infect the same cell within an individual, 
there is a high chance during genome replication that the polymerase 
will switch from one genome sequence template to the heterologous 
genome. This results in a recombinant virus with part of its genome 
from one ‘parent’ and the remaining genomic sequence from the 
other (see the figure, part a). Several recombinant lineages have 
been identified in di"erent locations and designated by the PANGO 
classification system since 2020 (ref. 10), identifiable by the ‘X-’ lineage 
prefix. Recombinants have been unambiguously identified when 
genetically distinct variants, such as two variants of concern, have 
transiently co-circulated leading to co-infections. For example the 
first assigned recombinant lineage, XA, was a recombinant between 
Alpha (B.1.1.7) and the lineage previously circulating in the UK, B.1.177 
(ref. 202). XC was a recombinant between Alpha and Delta found 
in Japan203.

From the start of 2022, the number of recombinants identified 
rapidly increased, which was likely due to high levels of co-circulation 
between Delta and BA.1, or BA.1 and BA.2, in many countries at a time 

of phasing out of COVID-19 restrictions. Another explanation is better 
confidence in identifying recombinants, owing to higher sequence 
divergence among the genomes of Delta, BA.1 and BA.2. One 
example recombinant is XD — a Delta × BA.1 recombinant first found 
in January 2022 in France204. XD has two genome breakpoints, with a 
backbone and part of the spike protein amino-terminal domain from 
Delta and the remainder of the spike protein from BA.1 (see the figure, 
part b). Functionally, XD has been shown to have an intermediate 
pathogenicity phenotype between BA.1 and Delta in transgenic mice 
expressing human angiotensin-converting enzyme 2 (ACE2) under 
the control of the keratin 18 promoter, causing moderate weight loss, 
suggesting part of the di"erential rodent pathogenicity phenotype  
of Delta and BA.1 maps outside the spike protein204.

A second notable recombinant in the UK is the BA.1 × BA.2 
recombinant XE, which was first detected in England on 19 January 
2022. Before it was outcompeted by BA.5, XE comprised more than 
2,500 genomes, mostly from the UK, and preliminary data suggest 
a modest increase in growth rate compared with BA.2 (ref. 205). 
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currently active clinical trials with OV and different combination therapies are presented
in Table 3.

Figure 1. Therapeutic features of oncolytic virotherapy and ways to improve it. Multiple steps are involved in successful
oncolytic virotherapy. First, the virus must be delivered successfully to the tumor bed or TME using an optimized delivery
method. Second, the OV must replicate and spread efficiently in the tumor bed, causing oncolysis and release of tumor
selective immune stimulating molecules. Third, the OV must function as an immunotherapeutic agent to activate strong
innate and adaptive anti-tumor immune responses. All these steps can be further improved by engineering OVs to express
suitable transgenes and by combination with other agents or therapies. TME, tumor microenvironment; DAMPS, danger
associated molecular patterns; PAMPs, pathogen associated molecular patterns; ICD, immunological cell death; MSCs,
Mesenchymal stem cells; NSCs, neural stem cells; ICIs, immune checkpoint inhibitors; TAAs, tumor associated antigens.

6.1. Combination with Traditional Radiotherapy and Chemotherapy
Traditional therapies such as radiotherapy (RT) and chemotherapy have been used

either alone or in combination. Radiotherapy is mostly used for the local control of tumors
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of immune cells, and enhanced overall survival of mice. Thus, OV-mediated inhibition
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effects of OVs. The goal was to reduce the dosage and toxic effects of the drug while
enhancing the efficacy of OVs in the tumor microenvironment. However, in some cases,
depending on the type of chemotherapeutic drugs and dose regimens used, certain drugs
acted as antivirals and also reduced viral replication in the tumor bed. This combination
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Abstract: Cancer remains a leading cause of death worldwide. Despite many signs of progress,
currently available cancer treatments often do not provide desired outcomes for too many cancers.
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have emerged as a novel cancer treatment modality, which selectively targets and kills cancer cells
while sparing normal ones. In the past several decades, many different OV candidates have been
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approaches have been taken to overcome the limitations of OVs, including engineering OVs to
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1. Oncolytic Virus: Multi-Mechanistic Cancer Therapeutics
1.1. Oncolytic Virus: Brief Background and History

Oncolytic viruses (OVs) were selected for development because they can selectively
infect and kill cancer cells but spare their normal cellular counterparts. Treatment of cancer
with live oncotropic viruses has a long history. Even before the first reported formal clinical
trial with an OV in 1949, there were case reports since the mid-1800s suggesting that natural
microbial infections in cancer patients can sometimes temporarily regress tumor burden.
The potential therapeutic role of viruses in particular was further established in the late
1890s by an observation that a “flu-like” disease associated with diffuse inflammation
coincided with reducing tumor cells in a leukemic patient. Beginning 1949, many clinical
trials were undertaken using different types of wild-type non-attenuated viruses [1–3].
Shortly thereafter, the trend in the OV field evolved to exploiting genetically modified
viruses with less pathogenicity to humans, such as live attenuated vaccines. In the past
20–30 years, the transition has continued to the modern era of using genetically modified
viruses for cancer therapy, including the exploitation of knockouts of virus genes and/or
knockins of therapeutic transgenes, mainly due to enhanced knowledge and tools of
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Box 2

SARS-CoV-2 recombinants
When two RNA viruses co-infect the same cell within an individual, 
there is a high chance during genome replication that the polymerase 
will switch from one genome sequence template to the heterologous 
genome. This results in a recombinant virus with part of its genome 
from one ‘parent’ and the remaining genomic sequence from the 
other (see the figure, part a). Several recombinant lineages have 
been identified in di"erent locations and designated by the PANGO 
classification system since 2020 (ref. 10), identifiable by the ‘X-’ lineage 
prefix. Recombinants have been unambiguously identified when 
genetically distinct variants, such as two variants of concern, have 
transiently co-circulated leading to co-infections. For example the 
first assigned recombinant lineage, XA, was a recombinant between 
Alpha (B.1.1.7) and the lineage previously circulating in the UK, B.1.177 
(ref. 202). XC was a recombinant between Alpha and Delta found 
in Japan203.

From the start of 2022, the number of recombinants identified 
rapidly increased, which was likely due to high levels of co-circulation 
between Delta and BA.1, or BA.1 and BA.2, in many countries at a time 

of phasing out of COVID-19 restrictions. Another explanation is better 
confidence in identifying recombinants, owing to higher sequence 
divergence among the genomes of Delta, BA.1 and BA.2. One 
example recombinant is XD — a Delta × BA.1 recombinant first found 
in January 2022 in France204. XD has two genome breakpoints, with a 
backbone and part of the spike protein amino-terminal domain from 
Delta and the remainder of the spike protein from BA.1 (see the figure, 
part b). Functionally, XD has been shown to have an intermediate 
pathogenicity phenotype between BA.1 and Delta in transgenic mice 
expressing human angiotensin-converting enzyme 2 (ACE2) under 
the control of the keratin 18 promoter, causing moderate weight loss, 
suggesting part of the di"erential rodent pathogenicity phenotype  
of Delta and BA.1 maps outside the spike protein204.

A second notable recombinant in the UK is the BA.1 × BA.2 
recombinant XE, which was first detected in England on 19 January 
2022. Before it was outcompeted by BA.5, XE comprised more than 
2,500 genomes, mostly from the UK, and preliminary data suggest 
a modest increase in growth rate compared with BA.2 (ref. 205). 
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• Nosocomial infections in the context of COVID-19 (collaboration with Dr. B. Parcell, 

Ninewells Hospital, UK) 
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Figure 1. Description of the two types of hospital wards that we consider in this compu-
tational study: a ward consisting of four 4-bed bays and six single rooms (left) and a ward
consisting of four 6-bed bays and six single-bed rooms. In the zoomed-in bays, we show in
red the distance between beds that is less than 2 m, and in green the distance between beds
greater than 2 m.

(b)(a)

Figure 2. Description of the transmission probability �(di j) as a function of the distance di j

between infected and susceptible patients: (a) �(di j) = exp�3
2di j, (b) �(di j) = exp�1

3di j. The
vertical axis shows only distances di j 2 [0, 2] m, since the literature suggested that a 2 m
distance should be enough for avoiding infection in the case of droplet-based transmission
(sub-panel (a)). In sub-panel (b) we show that in the case of airborne-based transmission,
when di j = 2 there is still a very large probability of disease transmission.

Mathematical Biosciences and Engineering Volume 19, Issue 7, 6504–6522.

Question (asked in summer 2020) : 
How to distribute the hospitalized patients in 
wards with 
• 4-bed bays + single-bed rooms vs.
• 6-bed bays + single-bed rooms 
to reduce SARS-CoV-2 spread across the 
hospital? 

D. Moreno Martos, B. Parcell, RE (2020). Modelling the transmission of infectious diseases 
inside hospital bays: implications for Covid-19 . Math. Biosci. Eng., 17(6) , 8084-8104

Ø Infected patients moved to single rooms (if available)
Ø Infected rooms were closed for cleaning… no new patients 

admitted to hospital

Environmental & human-to-human transmission of viruses: 
nosocomial infections



• Nosocomial infections in the context of COVID-19 (collaboration with Dr. B. Parcell, 

Ninewells Hospital, UK) 

https://link.springer.com/article/10.1007/s00449-022-02733-9

Agent-based network model: each node is a 
patient  (in a bed) with specific characteristics:

1. Epidemiological status (susceptible, exposed, 
infected, recovered)

2. Bed # in which the patient is placed …
3. Start of the incubation period 
4. Duration of incubation period
5. Time since individual has become infectious 
 -> viral transmission possible
1. Recovery time

D. Moreno Martos, B. Parcell, RE (2020). Modelling the transmission of infectious diseases 
inside hospital bays: implications for Covid-19 . Math. Biosci. Eng., 17(6) , 8084-8104

19 [42]. To address this lack of information, mathematical modelling and computational simulations are the

perfect tool to test various scenarios regarding the mechanisms that can reduce the Covid-19 transmission in

hospitals. Currently there are very few mathematical studies that focus on the nosocomial transmission of

SARS-CoV-2 (despite the huge number of studies focused on the general viral spread through communities;

see, for example, [18, 21, 28, 16, 39, 7, 14, 36, 48, 53, 37, 23, 25, 5, 38, 24, 8, 51, 3, 11, 47, 2] and

references therein). We are aware of only one modelling study in [13], where the authors used a classical

SEIR continuous model to investigate the transmission dynamics of COVID-19 in English hospitals, following

interactions between patients and health-care workers.

Here we present a new study that considers a mathematical modelling approach to investigate the spread

of Covid-19 among patients hospitalised in 4-bed versus 6-bed bays, which represents a standard bay structure

in many hospitals in the UK; see also Figure 1. To this end we consider a network model that accounts for

stochastic fluctuations between interconnected individuals inside the same hospital bay, where every single

bed can be occupied by a susceptible, exposed, infectious or a recovered individual. With the help of this

model we investigate computationally a variety of scenarios: from variations in the recovery and incubation

periods; to the position of infected individuals in specific beds inside 6-bed bays; the e↵ect of removing

infected individuals from these bays; the e↵ect of accommodating patients in single rooms; the e↵ect of

having asymptomatic individuals; and the role of periodic testing of hospitalised patients.

Figure 1: Typical distribution of beds in UK hospitals. Left: 6-bed bays; Right: 4-bed bays. In red it can be seen the distance

between beds less than 2m, while in green the distance between beds greater than 2m.

3

B. Parcell

Environmental & human-to-human transmission of viruses: 
nosocomial infections

Model can account for stochastic 
fluctuations between interconnected 
individuals inside the bay 

2. Materials and method

2.1. Model description

Since we are interested in investigating the transmission of infectious diseases (including Covid-19) across

4-bed and 6-bed hospital bays, which are the standard bays in many UK hospitals, in the following we consider

a individual-based (network) model that tracks susceptible (S), exposed (E), infected (I) and recovered (R)

individuals in each of the 4 or 6 beds inside these hospital bays. Following the approach in [33], each

individual In,t is described by a set of characteristics, In,t = [Cn,1,t, Cn,2,t, ..., Cn,m,t], where n = 1, ...N

describes the number of individuals in the hospital bay, m is the number of characteristics, and t is the time.

These characteristics are as follows:

• Cn,1,t is the epidemiological class. It can be 0 (susceptible), 1 (exposed), 2 (infected) or 3 (recovered).

• Cn,2,t is the bed at which the individual is placed.

• Cn,3,t is the time since the individual acquired the virus (start of the incubation period).

• Cn,4,t is the duration of the incubation period.

• Cn,5,t is the time since the individual has become infectious (virus transmission is now possible).

• Cn,6,t is the time that takes the individual to recover once becomes infectious.

The following rules are used to update each of these states:

• Epidemiological class update:

– A susceptible individual might become exposed with probability � if he/she interacts with an

infected individual. Throughout this study we assume that the infection probability � depends

on the distance between the susceptible individual and the infectious one. This modelling assump-

tion is consistent with the clinical assumption of predominant transmission of SARS-Cov-2 via

respiratory droplets [43]. Some recent studies have suggested that airborne transmission may be

possible in certain circumstances, however to date the authors report that there is no perfect ex-

perimental data proving or disproving airborne transmission of SARS-CoV-2 [22]. Moreover, the

evidence seems inconsistent with airborne transmission especially in well-ventilated spaces [22].

For this reason, and in accordance with current public health recommendations [40], in this study

we assume that a distance of at least 2m distance should be maintained to minimise the spread

of SARS-CoV-2. Thus, here we consider the infection probability � to be a fixed number that

depends on the distance between beds: probability is 1 if the distance is 0, probability is almost

0 if the distance is greater than 2; see the exponential distribution in Figure 2. The distance dij
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19 [42]. To address this lack of information, mathematical modelling and computational simulations are the

perfect tool to test various scenarios regarding the mechanisms that can reduce the Covid-19 transmission in

hospitals. Currently there are very few mathematical studies that focus on the nosocomial transmission of

SARS-CoV-2 (despite the huge number of studies focused on the general viral spread through communities;

see, for example, [18, 21, 28, 16, 39, 7, 14, 36, 48, 53, 37, 23, 25, 5, 38, 24, 8, 51, 3, 11, 47, 2] and

references therein). We are aware of only one modelling study in [13], where the authors used a classical

SEIR continuous model to investigate the transmission dynamics of COVID-19 in English hospitals, following

interactions between patients and health-care workers.

Here we present a new study that considers a mathematical modelling approach to investigate the spread

of Covid-19 among patients hospitalised in 4-bed versus 6-bed bays, which represents a standard bay structure

in many hospitals in the UK; see also Figure 1. To this end we consider a network model that accounts for

stochastic fluctuations between interconnected individuals inside the same hospital bay, where every single

bed can be occupied by a susceptible, exposed, infectious or a recovered individual. With the help of this

model we investigate computationally a variety of scenarios: from variations in the recovery and incubation

periods; to the position of infected individuals in specific beds inside 6-bed bays; the e↵ect of removing

infected individuals from these bays; the e↵ect of accommodating patients in single rooms; the e↵ect of

having asymptomatic individuals; and the role of periodic testing of hospitalised patients.

Figure 1: Typical distribution of beds in UK hospitals. Left: 6-bed bays; Right: 4-bed bays. In red it can be seen the distance

between beds less than 2m, while in green the distance between beds greater than 2m.
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Figure 3: Baseline dynamics for the network epidemiological model introduced in this study. (a) Average number of individuals

per time, in a 4-bed bay; (b) Probability of being at each epidemiological state per bed, in a 4-bed bay; (c) Average number of

individuals per time, in a 6-bed bay; (d) Probability of being at each epidemiological state per bed, in a 6-bed bay. Here we

assume that 1/� = 7 days, 1/� = 5.2 days, �t = 0.1, and Tmax = 60 days.

3.3. Varying the recovery and incubation periods

The parameters that characterise the transmission of Covid-19, e.g., mean incubation period and mean

recovery period, are not fixed, with various studies showing di↵erent estimations; see Table 1. Here we focus

on a 6-bed bay, and investigate the impact of incubation and recovery rates, showing only results for the

minimum and the maximum values of these parameters. When varying the incubation rate we fix the mean

recovery period to 1/� = 7 days, and when varying the recovery rate we fix the mean incubation period to

1/� = 5.2 days. (Here we do not vary �, since this parameter is given by the distance between beds; see

caption of Figure 2.)

Figure 5 shows model dynamics when we modify the recovery period. The most significant di↵erence

between the cases 1/� = 1.61 days and 1/� = 18 days is in the amplitude and shape of the infected curve. For
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Hypotheses tested in silico: the role of asymptomatic individuals
• More often RT-PCR tests (every day vs. every 3 days) are better at detecting exposed/infected patients (in 

particular for 6-bed bays)
• Impact of mask wearing by medical staff…  and infected staff infecting patients …

(b) tests every day; 4−bed bays

Average number of individuals per time

Average number of individuals per time

(c) tests every day; 6−bed bays (d) tests every day; 6−bed bays

(a) tests every day; 4−bed bays

Figure 10: Disease spread when tests are run every day, and individuals have a 5% probability of becoming infected due to

interaction with sta↵ or by sharing bathrooms. (a) Average number of individuals per time, in a 4-bed bay. (b) Probability of

being at each epidemiological state per bed, in a 4-bed bay. (c) Average number of individuals per time, in a 6-bed bay. (d)

Probability of being at each epidemiological state per bed, in a 6-bed bay. As before, we assume that 1/� = 7 days, 1/� = 5.2

days, Tmax = 60 days, �t = 0.1.

more often, as the probability of being susceptible (per bed) is higher when running tests every day (see

panels (b),(d)). The results are similar for the 4-bay case and 6-bay case.

When running tests every 3 days (Figure 11), if we look at the infected asymptomatic individuals (in

panels (a),(c)), sometimes we see two asymptomatic individuals in a bay. This is much higher compared to

the case when tests are run every day, when the level of asymptomatics is zero (Figure 10(a),(c)). Moreover,

for the case where tests are performed every 3 days, we note a periodic behaviour in the average number of

individuals per time – caused by the removal of asymptomatics after they test positive.

15

(b) tests every 3 days; 4−bed bays

Average number of individuals per time

Average number of individuals per time

(c) tests every 3 days; 6−bed bays (d) tests every 3 days; 6−bed bays

(a) tests every 3 days; 4−bed bays

Figure 11: Disease spread when tests are run every 3 days, and individuals have a 5% probability of becoming infected due to

interaction with sta↵ or by sharing bathrooms. (a) Average number of individuals per time, in a 4-bed bay. (b) Probability of

being at each epidemiological state per bed, in a 4-bed bay. (c) Average number of individuals per time, in a 6-bed bay. (d)

Probability of being at each epidemiological state per bed, in a 6-bed bay. As before, we assume that 1/� = 7 days, 1/� = 5.2

days, Tmax = 60 days, �t = 0.1.

5. Discussion

In this study we used modelling and computational approaches to investigate the question of the spread

of an infectious disease through single rooms and shared hospital bays. This is an important aspect to be

addressed due to the associated hospital costs of having single rooms or shared bays, and due to the very

large numbers of patients that need to be hospitalised (with or without disease) in the context of a pandemic,

as the one currently caused by SARS-CoV-2.

To investigate the probability that an infectious disease would spread among patients hospitalised in single
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Figure 5. Model dynamics for the case of 1 bay with either (a) 4 beds or (b) 6 beds. Panels
(a),(b) consider the transmission probability �(di j) = exp (�3

2di j), while panels (c),(d) con-
sider the transmission probability �(di j) = exp (�1

3di j). Here we assume that the isolation
period is � = 10 days, we close the bay if we encounter an infected patient, and the daily
infection rate is ↵ = 0.1389.

3.3. 4 bays + 6 side rooms

To account for hospitals that contain single-bed rooms (used for patients who have been exposed to
a pathogen), next we implement the situation where close contacts of an infected patient are moved to
these side rooms. We assume that the isolation period is set to � = 10 days. For this most general case
we also investigate the assumption of short-range (< 2 m) versus long-range (> 2 m) disease spread.
In this case we also discuss two initial conditions:

• Initial conditions (i): 1 exposed individual in each bay (i.e., 4 exposed individuals across the
whole ward). We see in Figure 7 that including also the 6 side rooms decreases the number of

Mathematical Biosciences and Engineering Volume 19, Issue 7, 6504–6522.

D. Moreno Maros, S. Folley, B. Parcell, D. Trucu, RE (2022). A computational investigation of COVID-19 
transmission inside hospital wards and associated costs. Math. Biosci. Eng., 17(6) , 8084-8104
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Figure 11. Hospital stay costs for patients hospitalised in wards that include (a) 4-bed bays +
6 side rooms, (b) 6-bed bays + 6 side rooms. We assume that the probability that the patients
are being discharged from the hospital after 5 days is 20%. These costs correspond to the
patients dynamics shown in Figure 9.
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Figure 12. Costs associated with patients on the waiting lists which, if admitted to (a) 4-
bed bays + 6 side rooms, or to (b) 6-bed bays + 6 side rooms, would have undergone various
medical treatments that would have brought revenues to the hospitals (from patients’ medical
insurances). For the simulations we assume that the isolation period is � = 10 days, and the
probability that the patients are being discharged from the hospital after 5 days is 20%. These
costs correspond to the patients dynamics shown in Figure 9.

Mathematical Biosciences and Engineering Volume 19, Issue 7, 6504–6522.

Costs related to patients on the waiting list for admission 
(which, if they were admitted to 4-bed bays + 6 single 
rooms would have had medical treatments that would 
bring money to the hospital …)

Models, even if not perfectly calibrated (scarce data), can be used to make 
administrative (& public policy)  decisions… especially in exceptional times…
• Open the hospital for elective surgery procedures..
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Changes in the incubation period for human-to-human transmission…

(d)

1/σ=2

1/σ=14 1/σ=14

1/σ=2

Average number of individuals per time

Average number of individuals per time

(a) (b)

(c)

Figure 6: Disease spread across a 6-bed bay, when we fix 1/� = 7 days and we vary 1/� 2 (2, 14) days. (a) Average number of

individuals per time when 1/� = 2 days; (b) Probability of being at each epidemiological state per bed, when 1/� = 2 days; (c)

Average number of individuals per time when 1/� = 14 days; (d) Probability of being at each epidemiological state per bed,

when 1/� = 14 days. As before we run simulations for Tmax = 60 days, and �t = 0.1.

6-bed bay the disease disappears after 50 days, which is when the probability of being in the exposed state

is zero for t > 50 days (Figure 7(d)). Both bays have in common the fact that the individuals across the

aisle from the infected Bed 2 (i.e., Beds 3 and 4 in a 4-bed bay and Beds 4, 5 and 6 in a 6-bed bay) do not

become infected.

3.5. E↵ect of interacting with members of the sta↵ and sharing bathrooms

Until now, we have assumed that patients in a hospital bay can become infected by interacting with

exposed/infected individuals from the same bay. However, sometimes they have to share bathrooms with

individuals from other bays, which increases the probability of becoming infected (it has been shown that

the virus can survive for several hours on di↵erent surfaces [12]). Moreover, patients interact with hospital

sta↵ (doctors, nurses, etc.), who might transmit the disease with a very low probability [46], even if they

follow the preventive measures (washing their hands, changing their clothes, wearing masks, etc.).
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is zero for t > 50 days (Figure 7(d)). Both bays have in common the fact that the individuals across the

aisle from the infected Bed 2 (i.e., Beds 3 and 4 in a 4-bed bay and Beds 4, 5 and 6 in a 6-bed bay) do not

become infected.

3.5. E↵ect of interacting with members of the sta↵ and sharing bathrooms

Until now, we have assumed that patients in a hospital bay can become infected by interacting with

exposed/infected individuals from the same bay. However, sometimes they have to share bathrooms with

individuals from other bays, which increases the probability of becoming infected (it has been shown that

the virus can survive for several hours on di↵erent surfaces [12]). Moreover, patients interact with hospital

sta↵ (doctors, nurses, etc.), who might transmit the disease with a very low probability [46], even if they

follow the preventive measures (washing their hands, changing their clothes, wearing masks, etc.).

11

14 days

19
[4
2]
.
T
o
ad

d
re
ss

th
is
la
ck

of
in
fo
rm

at
io
n
,
m
at
h
em

at
ic
al

m
od

el
li
n
g
an

d
co
m
p
u
ta
ti
on

al
si
m
u
la
ti
on

s
ar
e
th
e

p
er
fe
ct

to
ol

to
te
st

va
ri
ou

s
sc
en
ar
io
s
re
ga
rd
in
g
th
e
m
ec
h
an

is
m
s
th
at

ca
n
re
d
u
ce

th
e
C
ov
id
-1
9
tr
an

sm
is
si
on

in

h
os
p
it
al
s.

C
u
rr
en
tl
y
th
er
e
ar
e
ve
ry

fe
w

m
at
h
em

at
ic
al

st
u
d
ie
s
th
at

fo
cu
s
on

th
e
n
os
oc
om

ia
l
tr
an

sm
is
si
on

of

S
A
R
S
-C

oV
-2

(d
es
p
it
e
th
e
hu

ge
nu

m
b
er

of
st
u
d
ie
s
fo
cu
se
d
on

th
e
ge
n
er
al

vi
ra
l
sp
re
ad

th
ro
u
gh

co
m
m
u
n
it
ie
s;

se
e,

fo
r
ex
am

p
le
,

[1
8,

21
,
28
,
16
,
39
,
7,

14
,
36
,
48
,
53
,
37
,
23
,
25
,
5,

38
,
24
,
8,

51
,
3,

11
,
47
,
2]

an
d

re
fe
re
n
ce
s
th
er
ei
n
).

W
e
ar
e
aw

ar
e
of

on
ly

on
e
m
od

el
li
n
g
st
u
d
y
in

[1
3]
,
w
h
er
e
th
e
au

th
or
s
u
se
d
a
cl
as
si
ca
l

S
E
IR

co
nt
in
u
ou

s
m
od

el
to

in
ve
st
ig
at
e
th
e
tr
an

sm
is
si
on

d
yn

am
ic
s
of

C
O
V
ID

-1
9
in

E
n
gl
is
h
h
os
p
it
al
s,
fo
ll
ow

in
g

in
te
ra
ct
io
n
s
b
et
w
ee
n
p
at
ie
nt
s
an

d
h
ea
lt
h
-c
ar
e
w
or
ke
rs
.

H
er
e
w
e
p
re
se
nt

a
n
ew

st
u
d
y
th
at

co
n
si
d
er
s
a
m
at
h
em

at
ic
al

m
od

el
li
n
g
ap

p
ro
ac
h
to

in
ve
st
ig
at
e
th
e
sp
re
ad

of
C
ov
id
-1
9
am

on
g
p
at
ie
nt
s
h
os
p
it
al
is
ed

in
4-
b
ed

ve
rs
u
s
6-
b
ed

b
ay
s,
w
h
ic
h
re
p
re
se
nt
s
a
st
an

d
ar
d
b
ay

st
ru
ct
u
re

in
m
an

y
h
os
p
it
al
s
in

th
e
U
K
;
se
e
al
so

F
ig
u
re

1.
T
o
th
is

en
d
w
e
co
n
si
d
er

a
n
et
w
or
k
m
od

el
th
at

ac
co
u
nt
s
fo
r

st
oc
h
as
ti
c
fl
u
ct
u
at
io
n
s
b
et
w
ee
n
in
te
rc
on

n
ec
te
d
in
d
iv
id
u
al
s
in
si
d
e
th
e
sa
m
e
h
os
p
it
al

b
ay
,
w
h
er
e
ev
er
y
si
n
gl
e

b
ed

ca
n
b
e
oc
cu
p
ie
d
by

a
su
sc
ep
ti
b
le
,
ex
p
os
ed
,
in
fe
ct
io
u
s
or

a
re
co
ve
re
d
in
d
iv
id
u
al
.
W

it
h
th
e
h
el
p
of

th
is

m
od

el
w
e
in
ve
st
ig
at
e
co
m
p
u
ta
ti
on

al
ly

a
va
ri
et
y
of

sc
en
ar
io
s:

fr
om

va
ri
at
io
n
s
in

th
e
re
co
ve
ry

an
d
in
cu
b
at
io
n

p
er
io
d
s;

to
th
e
p
os
it
io
n
of

in
fe
ct
ed

in
d
iv
id
u
al
s
in

sp
ec
ifi
c
b
ed
s
in
si
d
e
6-
b
ed

b
ay
s;

th
e
e↵

ec
t
of

re
m
ov
in
g

in
fe
ct
ed

in
d
iv
id
u
al
s
fr
om

th
es
e
b
ay
s;

th
e
e↵

ec
t
of

ac
co
m
m
od

at
in
g
p
at
ie
nt
s
in

si
n
gl
e
ro
om

s;
th
e
e↵

ec
t
of

h
av
in
g
as
ym

p
to
m
at
ic

in
d
iv
id
u
al
s;

an
d
th
e
ro
le

of
p
er
io
d
ic

te
st
in
g
of

h
os
p
it
al
is
ed

p
at
ie
nt
s.

F
ig
u
r
e
1
:
T
y
p
ic
a
l
d
is
t
r
ib
u
t
io
n
o
f
b
e
d
s
in

U
K

h
o
s
p
it
a
ls
.
L
e
ft
:
6
-
b
e
d
b
a
y
s
;
R
ig
h
t
:
4
-
b
e
d
b
a
y
s
.
I
n
r
e
d
it

c
a
n
b
e
s
e
e
n
t
h
e
d
is
t
a
n
c
e

b
e
t
w
e
e
n
b
e
d
s
le
s
s
t
h
a
n
2
m
,
w
h
il
e
in

g
r
e
e
n
t
h
e
d
is
t
a
n
c
e
b
e
t
w
e
e
n
b
e
d
s
g
r
e
a
t
e
r
t
h
a
n
2
m
.

3



B. Parcell

Changes in the incubation period for human-to-human transmission…

(d)

1/σ=2

1/σ=14 1/σ=14

1/σ=2

Average number of individuals per time

Average number of individuals per time

(a) (b)

(c)

Figure 6: Disease spread across a 6-bed bay, when we fix 1/� = 7 days and we vary 1/� 2 (2, 14) days. (a) Average number of

individuals per time when 1/� = 2 days; (b) Probability of being at each epidemiological state per bed, when 1/� = 2 days; (c)

Average number of individuals per time when 1/� = 14 days; (d) Probability of being at each epidemiological state per bed,

when 1/� = 14 days. As before we run simulations for Tmax = 60 days, and �t = 0.1.

6-bed bay the disease disappears after 50 days, which is when the probability of being in the exposed state

is zero for t > 50 days (Figure 7(d)). Both bays have in common the fact that the individuals across the

aisle from the infected Bed 2 (i.e., Beds 3 and 4 in a 4-bed bay and Beds 4, 5 and 6 in a 6-bed bay) do not

become infected.

3.5. E↵ect of interacting with members of the sta↵ and sharing bathrooms

Until now, we have assumed that patients in a hospital bay can become infected by interacting with

exposed/infected individuals from the same bay. However, sometimes they have to share bathrooms with

individuals from other bays, which increases the probability of becoming infected (it has been shown that

the virus can survive for several hours on di↵erent surfaces [12]). Moreover, patients interact with hospital

sta↵ (doctors, nurses, etc.), who might transmit the disease with a very low probability [46], even if they

follow the preventive measures (washing their hands, changing their clothes, wearing masks, etc.).
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Abstract: Respiratory viruses cause disease in humans characterized by an abrupt onset of 
symptoms. Studies in humans and animal models have shown that symptoms are not 
immediate and appear days or even weeks after infection. Since the initial symptoms are a 
manifestation of virus recognition by elements of the innate immune response, early virus 
replication must go largely undetected. The interval between infection and the emergence 
of symptoms is called the incubation period and is widely used as a clinical score. While 
incubation periods have been described for many virus infections the underlying 
mechanism for this asymptomatic phase has not been comprehensively documented. Here 
we review studies of the interaction between human pathogenic respiratory RNA viruses 
and the host with a particular emphasis on the mechanisms used by viruses to inhibit 
immunity. We discuss the concept of the “stealth phase”, defined as the time between 
infection and the earliest detectable inflammatory response. We propose that the “stealth 
phase” phenomenon is primarily responsible for the suppression of symptoms during the 
incubation period and results from viral antagonism that inhibits major pathways of the 
innate immune system allowing an extended time of unhindered virus replication. 
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inflammatory agent is present in the tracking reagent, the kinetics of DC migration from the lung to the 
MLNs during influenza virus infection is quite slow and correlates with the termination of the “stealth 
phase”. DC migration begins around two days after infection when small numbers of DCs carrying 
viral antigens are first seen in the MLNs and reach a plateau around 3–4 days after infection 
[96,122,124,130]. Therefore, inhibiting inflammation for two days not only affects innate immunity 
but also delays the initiation of adaptive immunity. 

Figure 2. Relationship between the incubation period of influenza virus and the immune 
response. For the first two days after influenza virus infection, the immune response is 
inactive (“stealth phase”) due to viral antagonism and no symptoms are observed.  
The incubation period ends as symptoms abruptly appear about two days after infection 
when the innate immune response becomes active. The secretion of pro-inflammatory 
cytokines and chemokines is followed by a robust infiltration of leukocytes to the site of 
infection and DCs migration from the respiratory tract to the lung draining lymph nodes. 
The migrating DCs then present viral antigens and activate influenza specific T cells. 
About six days after infection, virus specific effector T cells infiltrate the lung to resolve 
the infection. 
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Cell-to-cell transmission

variable of the dynamical system. As it is shown in [8], this struc-
ture should also capture, as far as it is possible, the main features of
living systems. The derivation of the mathematical structure should
also include the dynamics of learning (i.e., cells can learn from their
interactions with other cells/particles and can change their activity
state).

3. Modeling interactions involving active particles and inserting them
into the said mathematical structure to obtain specific mathematical
models. According to [8], these interactions can be nonlocal, nonlin-
early additive, and can generate proliferative and destructive events.

These steps will be treated in more detail in the next subsections, where
a multiscale mathematical model for the interactions between infected ep-
ithelial cells, virus particles and immune cells with di↵erent activity levels
will be proposed and further investigated numerically.

3.1 Functional subsystems, activity, and representation

Figure 2: Caricature description of the variables that form the functional subsys-
tems considered in this study. The virus particles and the infected epithelial cells
are described by densities, while the immune cells are described by a distribution
over the activity variable.

9

In addition, these interactions induce a proliferation of immune cells (with
rate , which depends on the activation status u). These assumptions lead
to the following equation:

@

@t
f3(t, u) = (u) f3(t, u)n1(t)| {z }

proliferation

��f3(t, u)| {z }
decay

+�n1(t)

Z 1

0
A(u⇤ ! u)f3(t, u⇤)du⇤

| {z }
viral�induced activation

(9)

Therefore, the mathematical model consists in the following system of
mixed ODEs and PDEs:

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

d

dt
n1(t) = �Ncn2(t)� µn1(t)

Z 1

0
K(u)f3(t, u)du,

d

dt
n2(t) = ↵n1(t) (NH � n2(t))� �n2(t)

�µn2(t)

Z 1

0
K(u)f3(t, u)du,

@

@t
f3(t, u) = (u) f3(t, u)n1(t)� �f3(t, u)

+�n1(t)

Z 1

0
A(u⇤ ! u)f3(t, u⇤)du⇤

(10)

Remark 4.1 The progression probability A could have di↵erent shapes, as
long as it is approximately one when u, u⇤ ⇡ 0, it is zero when u = 1, and it

is defined for u⇤ � u. Examples are: (a) 1�u

1+(u�u⇤)+
; (b) (1� u)e�a

(u�u⇤)+
1�u .

4 Numerical simulations

This section reports some sample simulations for the model (10) with the
purpose of developing an understanding of the predictive ability of the
model. The dimensional initial conditions for these simulations are listed
in Table 1. Note that the initial number of immune cells accounts also for
the impact of a fast innate immune response (which can be activated within
minutes-hours of the pathogen infection [40]).

For the numerical simulations (implemented in C), we discretised the
integrals in equations (10) using Simpson’s rule. For the progression prob-
ability we used A(u⇤ ! u) = 1�u

1+(u�u⇤)
. Then, time was discretised using a

Runge-Kutta method.

14

Infected 
epithelial
cells

Free viruses

Immune cells

What is the in-host dynamics of SARS-CoV-2
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Abstract

This paper deals with the modeling and simulation of the in-host
dynamics of a virus. The modeling approach is developed according
to the idea that mathematical models should go beyond determinis-
tic single-scale population dynamics by taking into account the multi-
scale, heterogeneous features of the complex system under considera-
tion. Here we consider modeling the competition between the virus,
the epithelial cells it infects, and the heterogeneous immune system
with evolving activation states that induce a range of di↵erent e↵ects
on virus particles and infected cells. The subsequent numerical sim-
ulations show di↵erent types of model outcomes: from virus elimina-
tion, to virus persistance and periodic relapse, and virus uncontrolled
growth that triggers a blow-up in the fully-activated immune response.
The simulations also show the existence of a threshold in the immune
response that separates the regimes of higher re-infections from lower
re-infections (compared to the magnitude of the first viral infection).
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Franche-Comté, France. (raluca.eftimie@univ-fcomte.fr)

‡Accademia Nazionale Lincei, Italy. (frngdu@gmail.com)

1



Cell-to-cell transmission

variable of the dynamical system. As it is shown in [8], this struc-
ture should also capture, as far as it is possible, the main features of
living systems. The derivation of the mathematical structure should
also include the dynamics of learning (i.e., cells can learn from their
interactions with other cells/particles and can change their activity
state).

3. Modeling interactions involving active particles and inserting them
into the said mathematical structure to obtain specific mathematical
models. According to [8], these interactions can be nonlocal, nonlin-
early additive, and can generate proliferative and destructive events.

These steps will be treated in more detail in the next subsections, where
a multiscale mathematical model for the interactions between infected ep-
ithelial cells, virus particles and immune cells with di↵erent activity levels
will be proposed and further investigated numerically.

3.1 Functional subsystems, activity, and representation

Figure 2: Caricature description of the variables that form the functional subsys-
tems considered in this study. The virus particles and the infected epithelial cells
are described by densities, while the immune cells are described by a distribution
over the activity variable.

9

In addition, these interactions induce a proliferation of immune cells (with
rate , which depends on the activation status u). These assumptions lead
to the following equation:

@

@t
f3(t, u) = (u) f3(t, u)n1(t)| {z }

proliferation

��f3(t, u)| {z }
decay

+�n1(t)

Z 1

0
A(u⇤ ! u)f3(t, u⇤)du⇤

| {z }
viral�induced activation

(9)

Therefore, the mathematical model consists in the following system of
mixed ODEs and PDEs:

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

d

dt
n1(t) = �Ncn2(t)� µn1(t)

Z 1

0
K(u)f3(t, u)du,

d

dt
n2(t) = ↵n1(t) (NH � n2(t))� �n2(t)

�µn2(t)

Z 1

0
K(u)f3(t, u)du,

@

@t
f3(t, u) = (u) f3(t, u)n1(t)� �f3(t, u)

+�n1(t)

Z 1

0
A(u⇤ ! u)f3(t, u⇤)du⇤

(10)

Remark 4.1 The progression probability A could have di↵erent shapes, as
long as it is approximately one when u, u⇤ ⇡ 0, it is zero when u = 1, and it

is defined for u⇤ � u. Examples are: (a) 1�u

1+(u�u⇤)+
; (b) (1� u)e�a

(u�u⇤)+
1�u .

4 Numerical simulations

This section reports some sample simulations for the model (10) with the
purpose of developing an understanding of the predictive ability of the
model. The dimensional initial conditions for these simulations are listed
in Table 1. Note that the initial number of immune cells accounts also for
the impact of a fast innate immune response (which can be activated within
minutes-hours of the pathogen infection [40]).

For the numerical simulations (implemented in C), we discretised the
integrals in equations (10) using Simpson’s rule. For the progression prob-
ability we used A(u⇤ ! u) = 1�u

1+(u�u⇤)
. Then, time was discretised using a

Runge-Kutta method.
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early study [20] calculated the half-life of murine T cells during the contraction phase following
the peak of the response between 41 hr and 3 days, which translates into a cell death rate � 2
(0.23, 0.4). Since di↵erent viruses can trigger di↵erent immune responses with di↵erent cell
kinetics (for either murine or human cells), throughout this study we consider a baseline value
� = 10�2, but we vary this rate within a range � 2 (10�3, 101). This large parameter range is the
result of the fact that in this study we do not distinguish between the di↵erent types of immune
cells (e.g., e↵ector or e↵ector-memory T cells, or the new concept of memory macrophages [70])
which have completely di↵erent lifespans described by di↵erent �.

• Since the COVID-19 patients usually recover within 10-14 days, we can assume that within 10
days the virus is eliminated by the immune cells. Due to the units of µ (i.e. 1/(day ⇥ cell)),
we rescale by NH and thus we take an average baseline value µ ⇡ 10�6. Note that experimental
studies to quantify the e�ciency of human CD8 T cells against specific viruses (thus also against
SARS-CoV-2) are non-trivial [27], and previous estimates of this killing rate were performed on
animal cells infected with di↵erent viruses, which led to killing rates between 0.3 � 0.8/day [27].
Using all this information, in this study we consider the following range for the killing rate of
viruses and infected cells by the immune cells: µ 2 (10�10, 10�4)

4.2. Model dynamics

In the following we illustrate numerically some of the dynamics of kinetic (multiscale) model (3.10).

Figure 4. Baseline dynamics of continuum model (3.10). (a) density of virus particles: n1(t); (b) density of
infected cells: n2(t); (c) distribution of immune cells across the activity space: f3(t, u). All parameters are as
in Table 2. In (a),(b), the sub-panels (i) show the 2D plots n1,2(t) vs. time, while the sub-panels (ii) show the
3D plots n1,2 vs. u vs. time. The inset (right) sub-figure in (c) shows the same graph as in the left main figure,
but for time t 2 [0, 0.8], so that we see more clearly how the immune cells start to become activated (i.e., larger
f3(u, t) as u! 1 and t ! 0.8).
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Figure 4. Baseline dynamics of continuum model (3.10). (a) density of virus particles: n1(t); (b) density of
infected cells: n2(t); (c) distribution of immune cells across the activity space: f3(t, u). All parameters are as
in Table 2. In (a),(b), the sub-panels (i) show the 2D plots n1,2(t) vs. time, while the sub-panels (ii) show the
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f3(u, t) as u! 1 and t ! 0.8).

Networks and Heterogeneous Media Volume 19, Issue x, xxx–xxx

Re-infections are possible…

17

Figure 5. (a) Long-term baseline dynamics of model (3.10); the parameters are as in Figure 4.
(b) Long-term dynamics obtained when we increase the death rate of immune cells to � =
0.05.; all other parameters are as in Table 2. In sub-panels we show: (i) 2D plot of the
density of virus particles n1(t); (ii) 2D plot of the density of infected cells; (iii) 3D plot of the
distribution of immune cells f3(u, t). We see that for (a) the second infection is weaker than
the first one, while for (b) the second infection is stronger than the first one.

as � increases significantly towards � = 1 or past this value.

Figure 6. (a) Time between the 1st and 2nd viral infections, as we vary �. (b) Di↵erence in
the maximum viral load during the 1st and 2nd viral infections: the threshold between positive
values (i.e., 1st wave higher than the 2nd wave) and negative values (i.e., 1st wave lower than
the 2nd wave) is at � ⇡ 0.0275. The inset sub-figures are the same as the main figures, but
with the horizontal axis on a logscale. All other model parameters are as in Table 2.

• No anti-viral immune response (i.e., immune cell exhaustion). We also investigate numerically
what happens if there is almost no immune response against the virus or infected cells (and thus
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Box 2

SARS-CoV-2 recombinants
When two RNA viruses co-infect the same cell within an individual, 
there is a high chance during genome replication that the polymerase 
will switch from one genome sequence template to the heterologous 
genome. This results in a recombinant virus with part of its genome 
from one ‘parent’ and the remaining genomic sequence from the 
other (see the figure, part a). Several recombinant lineages have 
been identified in di"erent locations and designated by the PANGO 
classification system since 2020 (ref. 10), identifiable by the ‘X-’ lineage 
prefix. Recombinants have been unambiguously identified when 
genetically distinct variants, such as two variants of concern, have 
transiently co-circulated leading to co-infections. For example the 
first assigned recombinant lineage, XA, was a recombinant between 
Alpha (B.1.1.7) and the lineage previously circulating in the UK, B.1.177 
(ref. 202). XC was a recombinant between Alpha and Delta found 
in Japan203.

From the start of 2022, the number of recombinants identified 
rapidly increased, which was likely due to high levels of co-circulation 
between Delta and BA.1, or BA.1 and BA.2, in many countries at a time 

of phasing out of COVID-19 restrictions. Another explanation is better 
confidence in identifying recombinants, owing to higher sequence 
divergence among the genomes of Delta, BA.1 and BA.2. One 
example recombinant is XD — a Delta × BA.1 recombinant first found 
in January 2022 in France204. XD has two genome breakpoints, with a 
backbone and part of the spike protein amino-terminal domain from 
Delta and the remainder of the spike protein from BA.1 (see the figure, 
part b). Functionally, XD has been shown to have an intermediate 
pathogenicity phenotype between BA.1 and Delta in transgenic mice 
expressing human angiotensin-converting enzyme 2 (ACE2) under 
the control of the keratin 18 promoter, causing moderate weight loss, 
suggesting part of the di"erential rodent pathogenicity phenotype  
of Delta and BA.1 maps outside the spike protein204.

A second notable recombinant in the UK is the BA.1 × BA.2 
recombinant XE, which was first detected in England on 19 January 
2022. Before it was outcompeted by BA.5, XE comprised more than 
2,500 genomes, mostly from the UK, and preliminary data suggest 
a modest increase in growth rate compared with BA.2 (ref. 205). 
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of phasing out of COVID-19 restrictions. Another explanation is better 
confidence in identifying recombinants, owing to higher sequence 
divergence among the genomes of Delta, BA.1 and BA.2. One 
example recombinant is XD — a Delta × BA.1 recombinant first found 
in January 2022 in France204. XD has two genome breakpoints, with a 
backbone and part of the spike protein amino-terminal domain from 
Delta and the remainder of the spike protein from BA.1 (see the figure, 
part b). Functionally, XD has been shown to have an intermediate 
pathogenicity phenotype between BA.1 and Delta in transgenic mice 
expressing human angiotensin-converting enzyme 2 (ACE2) under 
the control of the keratin 18 promoter, causing moderate weight loss, 
suggesting part of the di"erential rodent pathogenicity phenotype  
of Delta and BA.1 maps outside the spike protein204.

A second notable recombinant in the UK is the BA.1 × BA.2 
recombinant XE, which was first detected in England on 19 January 
2022. Before it was outcompeted by BA.5, XE comprised more than 
2,500 genomes, mostly from the UK, and preliminary data suggest 
a modest increase in growth rate compared with BA.2 (ref. 205). 
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Viruses that cause infectious 
diseases… 
• SARS-CoV-2: mild to severe 

infections
• Adenoviruses: mild 

respiratory infections (common 
cold)
ü infect mammalian species & 

birds
• Vesicular stomatitis virus: 

vesicles develop on the tong, 
excess salivation,…
ü Infects cattle, pigs, horses

• …many other viruses…

Viruses used to treat cancers:
• Vaccine viruses: trigger tumour-

specific immunity that eradicate 
tumours & maintain 
immunological memory

• Oncolytic viruses: genetically 
modified to selectively infect, 
replicate in and kill tumour cells

Cancer immunotherapy

Why effector& memory immune responses?

•  Genera&ng	a	large	popula&on	of	memory	T	cells	is	an	appealing	goal	for	vaccine		
design	against	a	variety	of	human	diseases	(Nolz,	Harty,	2011)	
•  The	overall	number	of	memory	T	cells	present	at	the	&me	of	infec&on	correlates		
with	the	ability	to	confer	host	protec&on	against	a	range	of	different	pathogens		
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Abstract

The SARS-CoV-2 virus is currently causing a global pandemic. Infection may result in a sys-

temic disease called COVID-19, affecting primarily the respiratory tract. Often the gastroin-

testinal tract and kidneys also become involved. Angiotensin converting enzyme 2 (ACE2)

serves as the receptor for SARS-CoV-2. The membrane proteins, Transmembrane serine

protease 2 (TMPRSS2) and Neuropilin 1 (NRP1) are accessory proteins facilitating the virus

entry. In this study we show that the human proximal kidney tubules, express these factors.

We hypothesized that cancers derived from proximal tubules as clear cell (CCRCC) and

papillary renal cell carcinoma (PRCC), retain the expression of the SARS-CoV-2 entry fac-

tors making these cancers susceptible to SARS-CoV-2 infection. We used bioinformatics,

western blotting, and assessment of tissue micro arrays (TMA) including 263 cases of

CCRCC, 139 cases of PRCC and 18 cases of chromophobe RCC to demonstrate that the

majority of CCRCC and PRCC cases retained the RNA and protein expression of the entry

factors for SARS-CoV-2. We furthermore show that SARS-CoV-2 virus propagated robustly

in primary cultures of CCRCC and PRCC cells with a visible virus cytopathogenic effect cor-

relating with viral RNA expression levels. We also noted that the delta-variant of SARS-

CoV-2 causes cancer cells to form syncytia in-vitro. This phenomenon was also identified

histologically in CCRCC tissue from a patient that had been hospitalized for COVID-19,

twelve months prior to nephrectomy. Our data provide insights into SARS-CoV-2 infectivity

in renal cell carcinoma and that the virus causes a distinct cytopathogenic effect.
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Box 2

SARS-CoV-2 recombinants
When two RNA viruses co-infect the same cell within an individual, 
there is a high chance during genome replication that the polymerase 
will switch from one genome sequence template to the heterologous 
genome. This results in a recombinant virus with part of its genome 
from one ‘parent’ and the remaining genomic sequence from the 
other (see the figure, part a). Several recombinant lineages have 
been identified in di"erent locations and designated by the PANGO 
classification system since 2020 (ref. 10), identifiable by the ‘X-’ lineage 
prefix. Recombinants have been unambiguously identified when 
genetically distinct variants, such as two variants of concern, have 
transiently co-circulated leading to co-infections. For example the 
first assigned recombinant lineage, XA, was a recombinant between 
Alpha (B.1.1.7) and the lineage previously circulating in the UK, B.1.177 
(ref. 202). XC was a recombinant between Alpha and Delta found 
in Japan203.

From the start of 2022, the number of recombinants identified 
rapidly increased, which was likely due to high levels of co-circulation 
between Delta and BA.1, or BA.1 and BA.2, in many countries at a time 

of phasing out of COVID-19 restrictions. Another explanation is better 
confidence in identifying recombinants, owing to higher sequence 
divergence among the genomes of Delta, BA.1 and BA.2. One 
example recombinant is XD — a Delta × BA.1 recombinant first found 
in January 2022 in France204. XD has two genome breakpoints, with a 
backbone and part of the spike protein amino-terminal domain from 
Delta and the remainder of the spike protein from BA.1 (see the figure, 
part b). Functionally, XD has been shown to have an intermediate 
pathogenicity phenotype between BA.1 and Delta in transgenic mice 
expressing human angiotensin-converting enzyme 2 (ACE2) under 
the control of the keratin 18 promoter, causing moderate weight loss, 
suggesting part of the di"erential rodent pathogenicity phenotype  
of Delta and BA.1 maps outside the spike protein204.

A second notable recombinant in the UK is the BA.1 × BA.2 
recombinant XE, which was first detected in England on 19 January 
2022. Before it was outcompeted by BA.5, XE comprised more than 
2,500 genomes, mostly from the UK, and preliminary data suggest 
a modest increase in growth rate compared with BA.2 (ref. 205). 
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Viruses that cause infectious 
diseases… 
• SARS-CoV-2: mild to severe 

infections
• Adenoviruses: mild 

respiratory infections (common 
cold)
ü infect mammalian species & 

birds
• Vesicular stomatitis virus: 

vesicles develop on the tong, 
excess salivation,…
ü Infects cattle, pigs, horses

• …many other viruses…

Viruses used to treat cancers:
• Vaccine viruses: trigger tumour-

specific immunity that eradicate 
tumours & maintain 
immunological memory

• Oncolytic viruses: genetically 
modified to selectively infect, 
replicate in and kill tumour cells

Cancer immunotherapy

Why effector& memory immune responses?

•  Genera&ng	a	large	popula&on	of	memory	T	cells	is	an	appealing	goal	for	vaccine		
design	against	a	variety	of	human	diseases	(Nolz,	Harty,	2011)	
•  The	overall	number	of	memory	T	cells	present	at	the	&me	of	infec&on	correlates		
with	the	ability	to	confer	host	protec&on	against	a	range	of	different	pathogens		
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Repurposing the oncolytic virus
VSV∆51M as a COVID-19 vaccine
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Maha Bokhamseen2, Maumonah Hakami2, Omar A. Albaradie2,6,
Abdulaziz M. Moglan2,6, Sharif Hala5,7, Abdullah Faisal Alsahafi5,7,
Samer Zakri5,7, Adnan Almuzaini8, Khamis Alsharari8,
Feras Kaboha8, Mustafa Y. Taher9, Haggag S. Zein2,10,
Fayhan Alroqi2,11,12 and Ahmad Bakur Mahmoud9,13,14*
1Department of Medical Laboratory Technology, Faculty of Applied Medical Sciences, University of Tabuk,
Tabuk, Saudi Arabia, 2Immunology Research Program, King Abdullah International Medical Research
Center, Riyadh, Saudi Arabia, 3Department of Clinical Laboratory Sciences, College of Applied Medical
Sciences, King Saud Bin Abdulaziz University for Health Sciences, Riyadh, Saudi Arabia, 4Department of
Cellular Therapy and Cancer Research, King Abdullah International Medical Research Center, Jeddah,
Saudi Arabia, 5King Saud Bin Abdulaziz University for Health Sciences, Ministry of National Guard Health
Affairs, Jeddah, Saudi Arabia, 6College ofMedicine, King Saud Bin Abdulaziz University for Health Sciences,
Jeddah, Saudi Arabia, 7Infectious Disease Research Department, King Abdullah International Medical
Research Centre, Ministry of National Guard Health Affairs, Jeddah, Saudi Arabia, 8Experimental Medicine
Department, King Abdullah International Medical Research Centre, Jeddah, Saudi Arabia, 9College of
Applied Medical Sciences, Taibah University, Madinah, Saudi Arabia, 10Department of Microbiology and
Immunology, Dalhousie University, Halifax, NS, Canada, 11Department of Immunology, Ministry of the
National Guard—Health Affairs, Riyadh, Saudi Arabia, 12King Saud Bin Abdulaziz University for Health
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The coronavirus disease 2019 (COVID-19) pandemic imposes an urgent and
continued need for the development of safe and cost-effective vaccines to
induce preventive responses for limiting major outbreaks around the world. To
combat severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), we
repurposed the VSV∆51M oncolytic virus platform to express the spike
receptor-binding domain (RBD) antigen. In this study, we report the
development and characterization of the VSV∆51M-RBD vaccine. Our findings
demonstrate successful expression of the RBD gene by the VSV∆51M-RBD virus,
inducing anti-RBD responses without attenuating the virus. Moreover, the
VSV∆51M-RBD vaccine exhibited safety, immunogenicity, and the potential to
serve as a safe and effective alternative or complementary platform to current
COVID-19 vaccines.

KEYWORDS

COVID-19 pandemic, oncolytic virus, repurposing oncolytic virus, VSV∆51M-RBD
vaccine, SARS-CoV2 vaccine

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged inWuhan, the
capital of Hubei Province in China, and rapidly caused a pandemic in 2020. Despite the
efforts made to contain the spread of this virus, as of 20 January 2023, there have been over
663 million confirmed cases and over 6.7 million deaths reported globally (WHO, 2023). The
urgent need for an effective vaccine led to an unprecedented effort to develop and test
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Basic reproductive number (epidemiological & in-host levels)
• As small as possible for controlling the spread of an infectious disease (spread of a virus) through a 

population (of humans, of cells, …)
• As large as possible to ensure the spread of an oncolytic virus through a cell population

• Not only how many viral particles are released from 1 infected cell, but also how many of these particles 
infect other cells due to various physical and immune barriers   

https://x.com/roinnslainte https://www.ucir.org/therapies/oncolytic-viruses



O N C O L Y T I C  V I R A L  T H E R A P I E S :  T H E  F I N E  B A L A N C E  
B E T W E E N  T H E  A N T I - V I R A L  I M M U N E  R E S P O N S E S  A N D  
A N T I - T U M O U R  I M M U N E  R E S P O N S E S

J. Bramson B. Brydle D.J.D. Earn

Cancer immunotherapy

Oncolytic Virus + Immunotherapy

median survival:15, 30, 32, 54 days 

B.W. Bridle et al., Molecular Therapy, 2010, 1430−1439.

1) Vaccine Adenovirus (Ad)  expressing a 
human tumour antigen, to prime the anti-
tumour immune response; 

2)  Injection of oncolytic Vesicular Stomatitis 
Virus (VSV) carrying the same tumour 
antigen => virus replication & tumour 
elimination

Double immunization (prime-boost) 
experimental protocol for murine 
melanoma (at McMaster University, Canada)

But tumour relapses (median survival 54 days)



Cancer immunotherapy

Modelling dual-immunisation protocol: complex model

Ignore tumour: delay in administering the oncolytic virus:
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Conceptual description of immune response 

Numerical simulations of immune response:
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Hypothesis proposed:  increasing the delay between the injection of the 
two viruses should allow for a higher secondary immune response (with 
better anti-tumour effects) => cannot test it on mice for ethical reasons…

e26013-4 OncoImmunology Volume 2 Issue 8

Ad-hDCT or Ad-SIINFEKL alone or in combination with a 
heterologous boost VSV-hDCT or VSV-SIINFEKL, respectively. 
At multiple time points, circulating lymphocytes were harvested 
and stimulated with serial dilutions of cognate peptides in the 
presence of brefeldin A (to trap cytokines in the cytoplasm of 
responding T cells). T-cell responses to each concentration 
of peptide were monitored by flow cytometry in terms of the 
percentage of IFNγ+ CD8+ T cells relative to that induced by 
the highest peptide concentration for each immunogen. In this 
assay, high T-cell avidities are  defined by a large proportion of 
T cells that can respond to target peptides at low concentrations. 
Both at the peak of the immune response (Figure 4A) and 1-week 
later (Fig. 4B), VSV-boosted T cells were of higher avidity than 
adenovirus-primed cells upon exposure to both hDCT180–188 
(Fig. 4, left panels) and SIINFEKL (Fig. 4, right panels). 
Interestingly, however, by 2-weeks post-peak, the average avidity 
of primary and secondary T cells was equivalent (Fig. 4C).

VSV-boosted CD8+ T cells are functionally superior in vivo 
to those primed by adenoviruses only. Having determined that 
VSV-boosted CD8+ T cells display higher avidity and produce 
more cytokines than adenovirus-primed cells, we sought to 
determine if these characteristics translated into enhanced 
immunotherapeutic activity in vivo, in appropriate tumor and 
viral challenge models. We selected SIINFEKL as the target 
epitope for this experiment because an almost 14-fold increase 
in transgene-specific T cells can be achieved with SIINFEKL 
as compared with DCT180–188 (Fig. 1), significantly reducing 

the number of donor animals required. Also, we excluded 
quantitative differences as a confounding factor by using flow 
cytometry to sort transgene-specific CD8+ T cells from mice 
primed with either Ad-SIINFEKL alone or subjected to a prime-
boost regimen involving Ad-SIINFEKL and VSV-SIINFEKL. 
CD8+ T cells purified from each group of mice were then 
adoptively transferred into naïve recipients in equal amounts 
(4.5 × 105 cells/mouse). Negative control animals received the 
same number of CD8+ T cells obtained from mice that had been 
sequentially treated with empty adenoviral (Ad-BHG) and VSV 
(VSV-MT) vectors. Transferred SIINFEKL-specific CD8+ T 
cells were allowed to home to their target tissues for 24 h prior to 
the administration of the immunogen.

In order to test the utility of heterologous VSV boosting 
against both malignant and infectious diseases, we chose to test 
two different challenge models. Mice first received 5 × 105 OVA-
expressing B16 (B16-OVA) murine melanoma cells. Twenty-one 
days after challenge, mice were euthanized and lung metastases 
were enumerated. Transferring SIINFEKL-targeting CD8+ 
T cells from Ad-SIIN-primed donor mice effectively decreased 
the frequency of metastases (relative to CD8+ T cells derived from 
Ad-BHG-primed donor mice), confirming that adenoviruses 
efficiently prime protective CD8+ T-cell responses. As expected, 
VSV-boosted T cells reduced the proportion of metastases 
even further (Fig. 5A; p < 0.0001). These observations provide 
compelling evidence that VSV boosting indeed improves the 
cytotoxic function of adenovirus-primed CD8+ lymphocytes, 

  Figure 2. VSV enables ultra-rapid boosting that is not limited to a single antigen or priming method. (A-C) C57BL/6 mice were primed by intramuscu-
lar injection of 1 × 108 plaque-forming units (PFUs) of Ad-hDCT (A) subcutaneous injection of 1 × 106 dendritic cells pulsed with the DCT180–188 peptide 
(DC/SVY) (B), or subcutaneous injection of 1 × 108 PFUs of VV-SIINFEKL (VV-SIIN). Four to 14 (A) or 14 (B and C) days later, mice were boosted by intrave-
nous injection of 1 × 109 PFUs of VSV-hDCT (A and B) or VSV-SIINFEKL (VSV-SIIN) (C). Notes: In all cases, n = 5 animals/group; data are reported as means 
± SEM and are representative of two experiments.

Delaying the 
2nd injection 
with VSV(in 
tumour-free 
mice) leads 
to an 
increased 
nbr.  of IFN-
producing 
CD8 T cells 
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Introduction

An outstanding challenge to successful immunotherapy is the 
development of antigen-specific vaccination regimens that can 
promote the generation of sufficient CD8+ T cell numbers for 
the treatment of infectious diseases and cancer. One promising 
approach to circumvent this problem involves prime-boost 
regimens using heterologous viral vectors that express the 
vaccination target. Indeed, numerous prior studies have shown 
that heterologous prime-boosting approaches generate larger 
amounts of antigen-specific CD8+ T cells than one-component 
vaccines and homologous boosting strategies.1–3 However, there 
is a limited availability of viral vectors that can be effectively 
used to boost viral vaccines to achieve an optimal expansion of 

CD8+ T cells. Vectors that can rapidly elicit strong primary and 
secondary immunological responses to allow for optimal control 
of progressing diseases are thus highly desirable for clinical 
application, yet remain poorly characterized.

Replication-incompetent, E1- and E3-deleted recombinant 
human type 5 adenovirus-based vectors are promising vaccines 
currently undergoing clinical evaluation. Recombinant adenoviral 
vectors are indeed highly effective in priming naïve T cells against 
transgenes, resulting in robust and antigen-specific protection 
against tumor or viral challenges.4–6 More importantly, adenoviral 
vectors have been shown to elicit effective immune responses even 
in individuals with pre-existing adenovirus-specific immunity, 
making them promising immunizing agents for the development 
of vaccines that are currently unavailable or unsatisfactory.7–10

Oncolytic vesicular stomatitis virus  
quantitatively and qualitatively improves  

primary CD8+ T-cell responses 
to anticancer vaccines

Byram W Bridle1, Derek Clouthier2, Liang Zhang2, Jonathan Pol2, Lan Chen2, 
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The ability of heterologous prime-boost vaccination to elicit robust CD8+ T cell responses has been well documented. 
In contrast, relatively little is known about how this immunotherapeutic strategy impacts the functional qualities of 
expanded T cells in the course of effector and memory responses. Using vesicular stomatitis virus (VSV) as a boosting 
vector in mice, we demonstrate that a massive secondary expansion of CD8+ T cells can be achieved shortly after priming 
with recombinant adenoviral vectors. Importantly, VSV-boosted CD8+ T cells were more potent than those primed by 
adenoviruses only, as measured by cytokine production, granzyme B expression, and functional avidity. Upon adoptive 
transfer, equivalent numbers of VSV-expanded CD8+ T cells were more effective (on a per-cell basis) in mediating 
antitumor and antiviral immunity than T cells only primed with adenoviruses. Furthermore, VSV boosting accelerated the 
progression of expanded CD8+ T lymphocytes to a central memory phenotype, thereby altering the effector memory 
profile typically associated with adenoviral vaccination. Finally, the functional superiority of VSV-expanded T cells 
remained evident 100 d after boosting, suggesting that VSV-driven immunological responses are of sufficient duration 
for therapeutic applications. Our data strongly support the choice of VSV as a boosting vector in prime-boost vaccination 
strategies, enabling a rapid amplification of CD8+ T cells and improving the quality of expanded T cells during both early 
and late immunological responses.
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(for tumour-bearing mice)

& experiments (to increase the delay by 1 day at a time) are expensive…
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Hypothesis proposed:  increasing the delay between the injection of the 
two viruses should allow for a higher secondary immune response (with 
better anti-tumour effects)

Cancer immunotherapy

Modelling dual-immunisation protocol: complex model

Ignore tumour: delay in administering the oncolytic virus:
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Numerical simulations of immune response:
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(for tumour-bearing mice)

Cancer immunotherapy

Modelling dual-immunisation protocol: complex model

Modelling heterologous prime-boost strategies (Eftimie et al., 2010, JTB)
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Numerical simulations of immune response:
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Figure 2. Schematic illustration of some physical barriers to oncolytic viruses and ways to 
overcome them. Tumor nests are often surrounded by extracellular matrix (ECM), which 
prevents viruses from reaching the tumor cells (see also Figure 1). Another problem is that 
tight junctions hide virus receptors and limit diffusion of viruses into the tumor tissue. 
Newly developed tight junction openers [40,47,48] may facilitate virus infection by 
exposing the hidden receptors, and virus-encoded proteases may degrade the stromal shield 
surrounding tumor nests [26]. 

 

2.4. Stromal Cells Hinder Viruses 

Tumors are invariably fenestrated by host fibroblasts, myeloid cells and other non-transformed 
cells, which driven by cancer-induced cues can adopt various reprogrammed phenotypes to promote 
tumor angiogenesis and growth and to alter tumor responses to therapies [1,55]. As most of them 
normally play a role in immune homeostasis and pathogen sensing, they also respond to and influence 
oncolytic virus infection of tumors. 

Fulci et al. reported that injection of oncolytic HSV-1 directly into glioblastoma tumor parenchyma 
triggered upregulation of CD68 and CD163 monocytic markers and rapid clearance of virus, likely 
executed by infiltrating phagocytic cells [56]. When clodronate liposomes were used to deplete 
macrophages in vivo, the authors observed a 5-fold increase in virus titers in the brain tumors 
concomitant with an 80% reduction in peripheral CD163+ macrophages in animal spleens, suggesting 
that CD163+ cells migrate into the tumors upon virus injection and limit overall oncolytic efficacy. 
While CD68+ cells were not reduced by peripheral macrophage depletion, arguing that these cells had 
been recruited to the tumors before the treatment, they could be eliminated in live glioma slices  
ex vivo, resulting in a 10-fold increase in virus replication. Macrophages may secrete antiviral type I 
interferon constitutively at very low (subnanomolar) levels [57] and recently Liu et al. showed that 
tumor-resident CD68+ macrophages induced a protective antiviral state in ovarian and breast tumors 

Physical barriers to oncolytic 
viruses spread:

• Extracellular Matrix (ECM) prevents 
viruses from reaching tumour cells

• Tight junctions hide virus receptors 
and limit virus diffusion into tumour

Immune barriers to oncolytic virus 
spread: IFN, innate immune cells, 
…



tumour relapses to levels above the baseline occur both when we
lower and when we increase the cell death rate.

Infection rate of tumour cells.. In the following, we examine the effect of
viral infection rate (ρ) on tumour dynamics. Experimental studies
have shown that increasing the rate at which the oncolytic virus
infects the tumour cells (e.g., by engineering the virus particles to
encode specific proteins that could temporarily suppress anti-viral
immune responses) plays a key role in the development of new anti-
cancer therapies [61]. To investigate this aspect, we performed
various simulation tests for the macroscopic models (12) and (14),
as we decreased and increased the baseline value = ◊79 10 3 by a
factor of five (to

5
and 5ρ, respectively). From panels Ia. and IIa. of

Fig. 7, we observe that a five-fold decrease in the infection rate ρ leads
to a much faster spread of the tumour cells (as described by the

expanding tumour boundary), compared to the case where the
infection rate is increased five fold - as shown in panels Ib. and IIb.
of Fig. 7. As shown in Fig. 12(2)(II) with green dotted line, the five
fold increase in ρ leads to significantly better global tumour
suppression with respect to the baseline or five fold decreased cases
within the macro-dynamics scenario (14). A similar although weaker
tumour suppression effect observed for macro-dynamics scenario
(12), where a relapse occurs over the final stages of the time
interval, as shown by Fig. 12(2)(I).

ECM degradation rates.. Known to be crucial within the process of
cancer cells’ invasion of the surrounding tissue [63,64], the ECM is
expected to play also an important role in viral therapy. Indeed, the
ECM distribution within the growing tumour Ω(t) interfere with the
oncolytic virus dynamics, having impeding effects upon its spread,

Fig. 4. Multi-scale simulation results for macro-dynamics scenario (12) at four macro-micro stages (1,50,100, and 150) for the baseline parameter values from
Table A.1, showing: (a) virus density; (b) infected cancer cells density; (c) uninfected cancer cells density; (d) total cancer cells density; and (e) ECM density.
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A B S T R A C T

Oncolytic viruses (OV) are viruses that can replicate selectively within cancer cells and destroy them. While the
past few decades have seen significant progress related to the use of these viruses in clinical contexts, the success
of oncolytic therapies is dampened by the complex spatial tumour-OV interactions. In this work, we present a
novel multiscale moving boundary modelling for the tumour-OV interactions, which is based on coupled systems
of partial differential equations both at macro-scale (tissue-scale) and at micro-scale (cell-scale) that are con-
nected through a double feedback link. At the macro-scale, we account for the coupled dynamics of uninfected
cancer cells, OV-infected cancer cells, extracellular matrix (ECM) and oncolytic viruses. At the same time, at the
micro scale, we focus on essential dynamics of urokinase plasminogen activator (uPA) system which is one of the
important proteolytic systems responsible for the degradation of the ECM, with notable influence in cancer
invasion. While sourced by the cancer cells that arrive during their macro-dynamics within the outer pro-
liferating rim of the tumour, the uPA micro-dynamics is crucial in determining the movement of the macro-scale
tumour boundary (both in terms of direction and displacement magnitude). In this investigation, we consider
three scenarios for the macro-scale tumour-OV interactions. While assuming the usual context of reaction-dif-
fusion-taxis coupled PDEs, the three macro-dynamics scenarios gradually explore the influence of the ECM taxis
over the tumour - OV interaction, in the form of haptotaxis of both uninfected and infected cells populations as
well as the indirect ECM taxis for the oncolytic virus. Finally, the complex tumour-OV interactions is investigated
numerically through the development a new multiscale moving boundary computational framework. While
further investigation is needed to validate the findings of our modelling, for the parameter regimes that we
considered, our numerical simulations indicate that the viral therapy leads to control and decrease of the overall
cancer expansion and in certain cases this can result even in the elimination of the tumour.

1. Introduction

Oncolytic virotherapy (based on either naturally-occurring or ge-
netically-engineered viruses) is a promising therapeutic approach for
cancer treatment [1]. However, despite the fact that multiple oncolytic
viruses are currently under clinical development [1], this type of
therapy still has some limitations in terms of efficacy (as observed in
various clinical trials) [2]. This relatively modest oncolytic efficacy is
not only the result of premature virus clearance due to circulating an-
tibodies and various immune cells [3], but also the result of physical
barriers inside tumours (e.g., interstitial fluid pressure, extracellular
matrix (ECM) deposits, or tight inter-cellular junctions) [4,5]. To im-
prove the intra-tumoural spread of oncolytic viruses, different experi-
mental and clinical approaches are currently being considered: from
modifications of the immune response to favour virus replication and
tumour lysis [5], to modifications of the physical barriers (e.g., via ECM
degradation) to improve virus spread [6].

In this study we consider a mathematical modelling and computa-
tional approach to help us improve our understanding of the physical
barriers that limit virus spread. The use of mathematical models to
understand the temporal and spatio-temporal dynamics of viruses (in-
cluding oncolytic viruses) has seen great developments over the last
three decades [7–13]. While the majority of these models focused on
the temporal dynamics of oncolytic viruses (mainly due to the avail-
ability of temporal data) [14–23], more recent advances in tumour
imaging generated data on the spatial spread of tumours and viruses,
which then led to the development of different mathematical models
investigating the spatial spread of these viruses [21,23–27].

All these temporal and spatio-temporal models for oncolytic virus
therapies usually focus on one single spatial or temporal scale. In this
context potential insights from the wide range of singe-scale spatio-
temporal modelling approaches for cancer invasion (such as those
proposed in [28–40] and, in particular, those involving the theory of
mixtures proposed in [41–43]) become increasingly relevant to this
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z K z(·,·, )1 and z K z(·, )2 are compactly supported ra-
dially symmetric kernels that quantify the contribution of the involved
macroscopic densities with respect to their spatial distribution and
whose choice will be discussed in Section 4. In the presence of these
non-local behaviours induce from the macro-scale, the uPA System
exercise its spatio-temporal micro-dynamics briefly outlined above and
detailed in Section 4.

Finally, the bottom up link is conveyed by the key contribution that
the micro-dynamics has in determining the characteristics of macro-
scale tumour boundary movement. The tumour boundary relocation is
caused by the local invasion of the peritumoural region whose extent
and orientation are dictated by the pattern of degradation of the ECM
by the uPA System acting at micro-scale within the outer part of the
cell-scale neighbourhood of the tumour boundary (which is given here
by the union of all the micro-domains Y t( )). In its turn, the pattern
of ECM degradation is dictated by the regions of significant transport of
proteolytic enzymes within each micro-domain ϵY. Proceeding as in
[51], these regions are determined here by the furthest away part of the
level sets of significant proteolytic enzymes within each ϵY with respect
to the tumour boundary ∂Ω(t) ∩ ϵY, whose cumulative revolving or-
ientation leads to the establishment of the characteristics of the tumour
boundary movement ◊

=
s t

s z z z z t

S: ( ) (0, ),
given by

( ): ( ( ), ( )), ( ),

1

(5)
with S1 being the usual unit sphere in ,2 and ν( · ) and ξ( · ) representing
the direction of movement and displacement magnitude, respectively.
Provided that sufficient degradation but not complete destruction of the
ECM has been exercised by the micro-scale uPA processes, the boundary
will be relocated in the direction dictated by the boundary movement
law s( · ) introduced above, and the macro-dynamics is continued on the
newly obtained domain.

3. Macroscopic modelling scenarios for the virus-tumour
interaction

In the following we describe in detail the various macro-scale
components and their dynamics relations, which were compactly re-
presented by the macroscopic operator Eq. (1) introduced in the pre-
vious section. These components are: the density of uninfected cancer
cells c(x, t), the density of infected cancer cells i(x, t), the density of the
extracellular matrix u(x, t), and the density of the oncolytic virus par-
ticles v(x, t).

Uninfected cancer cells: c(x, t).. We assume that the cancer cells density
changes due to random cell movement (with Dc the random motility
coefficient) and to directed haptotactic movement towards higher ECM
gradients (with ηc the haptotactic coefficient). Moreover, cancer cells
can proliferate logistically at a rate μ1 [54,55], and can decay due to
virus infection at a rate ρ. These assumptions can be translated into the
following equation:

= +c
t

D c c u µ c c cv·( ) (1 ) .c c 1 (6)

Infected cancer cells: i(x, t).. We assume that also the infected cancer
cells can move randomly (with Di the random motility coefficient). As
discussed above, these cells are infected at a rate ρ by the oncolytic
virus. Finally, these infected cells die at a rate δi. These assumptions are
described by the following equation:

= +i
t

D i cv i.i i (7)

Extracellular matrix (ECM): u(x, t).. We assume that the ECM (and its
components) does not move, and thus we ignore any migration and
diffusion terms. However, since ECM is continuously remodelled by
cells in the environment [56], we describe this remodelling process as
the difference between a logistic growth term (describing the
deposition of ECM components – in the presence of cancer – at a rate
μ2) and a degradation term (with αc the rate of ECM degradation by
uninfected cancer cells, and αi the rate of ECM degradation by infected
cancer cells.) These assumptions are described by the following
equation:

= + +u
t

u c i µ u u c i( ) (1 ).c i 2 (8)
The growth in Eq. (8) describes the logistic remodelling of the ECM,
which depends on the presence of all variables in the system. Similar
terms have been considered in [36,39,40,51,52]. In contrast, the
growth in Eq. (6) models cancer proliferation in the presence of
nutrients and its slow down when nutrients are consumed, as justified
by the shape of the logistic term [54,55].

Oncolytic virus: v(x, t). Assume that the oncolytic virus can move
randomly through the environment, with Dv the random motility
coefficient. The level of virus particles increases due to the burst (at a
rate b) of the infected tumour cells, which release the new virions in the
environment. The reduction in the number of free virus particles is the
result of the natural virions’ death rate δv, and the trapping of these
virus particles into the cancer cells at a rate ρ. Therefore, the evolution
of the density of virus particles is described by the equation

= +v
t

D v bi cv v.v v (9)

Remark. Note that for simplicity, in the above Eqs. (6)–(8), all
variables have been rescaled by their maximum values (i.e., the
carrying capacities of the tumour cells and the extracellular matrix).

Therefore, accounting for at the above macro-scale modelling con-
siderations, the macro-dynamics that we have obtained so far is as
follows:

Macro-dynamics scenario 1.. The new macro-scale scenario of the
multiscale modelling approach for the tumour-OV interaction is given
by the following system:

= +
= +
= + +
= +

c
t

D c c u µ c c cv

i
t

D i cv i

u
t

u c i µ u u c i

v
t

D v bi cv v

·( ) (1 ) ,

,

( ) (1 ),

.

c c

i i

c i

v v

1

2

(10)
However, expanding now the modelling perspective by accounting
within the macro-scale spatial dynamics of the infected cell population
not on only on its random movement (approximated here by diffusion)
but also on its haptotactic migration against ECM gradients, Eq. (7) is
therefore evolved into:

= +i
t

D i i u cv i·( ) .i i i (11)
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This leads us to a second scenario for the macro-dynamics which is
summarised as follows:

Macro-dynamics scenario 2.. In the presence of haptotactic behaviour
for the infected cell population, the macro-scale modelling scenario for
tumour-OV interaction is therefore extended and is given now by the
system:

= +
= +
= + +
= +

c
t

D c c u µ c c cv

i
t

D i i u cv i

u
t

u c i µ u u c i

v
t

D v bi cv v

·( ) (1 ) ,

·( ) ,

( ) (1 ),

.

c c

i i i

c i

v v

1

2

(12)

Finally, we note that a major obstacle that creates difficulties in having
a successful viral therapy is virus motility blockage exercised by ECM
components. Recent efforts to minimising virus size makes it possible
for the virus particles to move through ECM components [4]. While
knowing that though viruses do not have an autonomous motility, the
penetration of the ECM is done via other factors, such as matrix
degrading enzymes as detailed in [57]. Therefore, for the dynamics of
the virus population, in addition to the usual consideration of virus
diffusion, assumed by other authors [4,21,23,25,26], we will also
consider here the ECM-OV interactions. To that end, as discussed in
[4], while ECM acts usually as a barrier agains OV motility, its regions
of lower levels of density provide opportunities for OV to penetrate
through its components and potentially interact with a larger cancer
cell-surface cumulated areas, this way gaining further opportunities to
infect the nearby cancer cells. This leads to an ECM-OV taxis behaviour
that affects the random motility of the virus, which mathematically can
be incorporated into Eq. (9) leading to the following reaction-
advection-diffusion equation:

= +v
t

D v v u bi cv v·( ) ,v v v (13)

where ηv is the ECM-OV-taxis rate. This brings us to the last and most
extended macro-dynamics scenario that we consider in this paper,
namely:

Macro-dynamics scenario 3. Accounting also upon the presence of ECM-
OV taxis behaviour included in (13), the macro-dynamics component of
our multiscale approach to tumour-OV interaction is therefore given by:

= +
= +
= + +
= +

c
t

D c c u µ c c cv

i
t

D i i u cv i

u
t

u c i µ u u c i

v
t

D v v u bi cv v

·( ) (1 ) ,

·( ) ,

( ) (1 ),

·( ) .

c c

i i i

c i

v v v

1

2

(14)

Remark. Note that since the focus of the model is the interaction
between virus and cancer cells in a multi-scale moving boundary
context, for simplicity we assume that the outside environment is
represented only by the ECM. Therefore, we ignore any other types of
cells in the environment: healthy cells, immune cells, etc.

4. The microscopic proteolytic dynamics and the macro-micro
double feedback loop

As briefly outlined in Section 2, both uninfected and infected tu-
mour cells arriving during their dynamics within the outer proliferating
rim of the tumour are able to secrete uPA. Thus, at any time instance t0,
within any micro-domain Y t( ),0 a source of uPA arises this way at
any micro-point y∈ ϵY ∩Ω(t0) as a collective contribution of both in-
fected and uninfected cells from the outer proliferating rim that arrive
within a δ>0 distance from y. Therefore, assuming, no spatial dis-
crimination between the cells secreting the uPA within B(y, δ) ∩Ω(t0),
we obtain that the spatially radial symmetric diffusion kernel K1 ap-
pearing in (3) is constant with respect to the spatial variable, this being
given by = +K c i z c i( (·,·), (·,·), ) [ (·,·) (·,·)] (·).c i y tB1 ( , ) ( )0 (15)
where (·)B y t( , ) ( )0 is the usual characteristic function for the set B(y,
δ) ∩Ω(t0). Thus, we have that the micro-scale uPA source at a spatio-
temporal micro-node (y, τ)∈ (ϵY ∩Ω(t0))× [0, Δt] is given by

= + + +
++f y

c s t i s t ds

y supp c iB( , )
( ( , ) ( , ))

( ( , ) { })
y supp c i

c i
B( , ) { }

0 0

uPA

Y

(16)
and is zero at any other micro location y∈ ϵY∖Ω(t0). Once secreted, the
uPA exercises a local cross-interface transport process, activating
plasmin from its inactive state, plasminogen, which is freely available
within the ECM. In turn, once activated, plasmin degrades various ECM
components.

However, the plasminogen activation process is accompanied also
by inhibitors, a notably important one being PAI-1, who binds to the
activated uPA and manage to inhibit this. Produced through the acti-
vation of plasmin, besides natural decay and binding to uPA, PAI-1 is
removed also through binding to the surrounding ECM. Thus, pro-
ceeding similar to the case of uPA source, at each spatio-temporal
micro-node (y, τ)∈ ϵY× [0, Δt] this loss of PAI-1 through indis-
criminate ECM binding can be quantified through (4), for the following
projection kernel K2 that is constant with respect to space, namely=K u z u( (·,·), ) (·,·).2 (17)
which gives

= +
f y

u s t ds

yB( , )
( , )

( ( , ))
.yB( , )

0

PAI

Y

1 (18)
Thus, denoting the micro-scale densities of uPA by a(y, τ), PAI-1 by p(y,
τ), and plasmin by m(y, t), and proceeding as in [58], in brief, the dy-
namics of the tumour invasive edge proteolytic micro-processes can be
is described as follows. Per unit time, the uPA molecular population a
( · , · ) changes through diffusion (with a random motility coefficient Da)
while being produced (at a rate ψ12) and bound by cancer cells’ uPA
receptors (uPAR) (at a rate ψ13), as well as being inhibited by PAI-1
density p( · , · ) (at a rate ψ11). Therefore, its dynamics is given by

= +a D h ap u f y( , )a 1
diffusion

11
uPA/PAI-1

12
production

13
uPA/uPAR

uPA

Y

(19)
Further, the inhibitor PAI-1 density change per unit time is triggered by
local diffusion (with a diffusion coefficient Dp), production through
plasmin activation (at a rate ψ23) as well as removal from the system
through binding to uPA (at a rate ψ21) and to surrounding ECM (at a
rate ψ22). Thus, PAI-1 micro-dynamics is given by
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Macroscale dynamics (cells, ECM):

A 2nd layer of complexity: Microscale dynamics 

= +p D p ap pf y m( , ) .p

diffusion
21

uPA/PAI-1
22

PAI-1/ECM

23
production

PAI

Y

1

(20)

Finally, the change in plasmin density per unit time is due to local
diffusion (with a diffusion coefficient Dm), natural degradation (at a rate
ψ33) and production due to both direct plasminogen activation (through
uPA binding to uPAR at a rate ψ31) and as well as binding of PAI-1 to
neighbouring ECM (at a rate ψ32) that indirectly enable further op-
portunities for plasmin activation. Thus, plasmin’s micro-dynamics is
given by

= + +m D m af y pf y m( , ) ( , ) .m
diffusion

31

uPA/uPAR

32

PAI-1/ECM

33
decay

uPA

Y

PAI

Y

1

(21)

As introduced and detailed in [51], on each boundary micro-domain
ϵY, it is the pattern of significant ECM degradation (caused by the
advancing distribution of plasmin) that will dictate the relocation of
the tumour boundary within the peritumoural region. Indeed, the
micro-scale proteolytic dynamics determines directly the direction of
movement and displacement magnitude that is briefly summarised in
(5) and is represented back at the macro-scale through the movement
of the micro-domains mid points x{ * } ,Y Y t( 0) as detailed in [51,52].
However, the boundary point x Y*

Y will exercise the movement
prescribed by s x( * )Y provided that the extent of degradation of ECM,
which is explored here through the outer degradation measure outlined
in [51,52],

= >
( )q

q G G

otherwise

*: [0, ]

given by

*( ): , ( ) 0,

0, ,

Y t

m y t dy

m y t dy

( )

( , )

( , )
G t

G

0

( 0)

(22)
is significant but not complete. Therefore, the representative mid
point will exercise the movement prescribed by s x( * )Y provided that>q Y Y* ( ) ( , ) (23)
where ω(ϵY, β) is a local tissue threshold and the parameter β ∈ (0, 1)
explore the optimal conditions for movement, see Appendix B. Once
the movement has been exercised, the macro-scale tumour domain
Ω(t0) progresses to its new shape +t t( ),0 where the multiscale
dynamics is continued with the next macro-micro stage.

5. Multiscale numerical simulation and results

The computational approach developed in this work extends the
multiscale numerical framework first introduced in [51] and later ap-
plied in [52]. The novel computational part of this study is the in-
corporation of the viral component into the macroscale part of the
multiscale framework presented in [51]. This combines a finite differ-
ence approach at macro-scale with a finite element method at micro-
scale. While the finite difference approach at macro-scale involves
central differences and midpoint approximations (as detailed in
Appendix C), the finite element at micro-scale involves bilinear shape

Fig. 2. Initial Conditions: (a) uninfected cancer cells density; (b) ECM density; (c) OV density (one initial dose) and (d) OV density (five initial doses). The white line
indicates the boundary of the total tumour cells (uninfected & infected densities).
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Finally, the change in plasmin density per unit time is due to local
diffusion (with a diffusion coefficient Dm), natural degradation (at a rate
ψ33) and production due to both direct plasminogen activation (through
uPA binding to uPAR at a rate ψ31) and as well as binding of PAI-1 to
neighbouring ECM (at a rate ψ32) that indirectly enable further op-
portunities for plasmin activation. Thus, plasmin’s micro-dynamics is
given by
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diffusion
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As introduced and detailed in [51], on each boundary micro-domain
ϵY, it is the pattern of significant ECM degradation (caused by the
advancing distribution of plasmin) that will dictate the relocation of
the tumour boundary within the peritumoural region. Indeed, the
micro-scale proteolytic dynamics determines directly the direction of
movement and displacement magnitude that is briefly summarised in
(5) and is represented back at the macro-scale through the movement
of the micro-domains mid points x{ * } ,Y Y t( 0) as detailed in [51,52].
However, the boundary point x Y*

Y will exercise the movement
prescribed by s x( * )Y provided that the extent of degradation of ECM,
which is explored here through the outer degradation measure outlined
in [51,52],
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is significant but not complete. Therefore, the representative mid
point will exercise the movement prescribed by s x( * )Y provided that>q Y Y* ( ) ( , ) (23)
where ω(ϵY, β) is a local tissue threshold and the parameter β ∈ (0, 1)
explore the optimal conditions for movement, see Appendix B. Once
the movement has been exercised, the macro-scale tumour domain
Ω(t0) progresses to its new shape +t t( ),0 where the multiscale
dynamics is continued with the next macro-micro stage.

5. Multiscale numerical simulation and results

The computational approach developed in this work extends the
multiscale numerical framework first introduced in [51] and later ap-
plied in [52]. The novel computational part of this study is the in-
corporation of the viral component into the macroscale part of the
multiscale framework presented in [51]. This combines a finite differ-
ence approach at macro-scale with a finite element method at micro-
scale. While the finite difference approach at macro-scale involves
central differences and midpoint approximations (as detailed in
Appendix C), the finite element at micro-scale involves bilinear shape

Fig. 2. Initial Conditions: (a) uninfected cancer cells density; (b) ECM density; (c) OV density (one initial dose) and (d) OV density (five initial doses). The white line
indicates the boundary of the total tumour cells (uninfected & infected densities).
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Abstract: Brain-related experiments are limited by nature, and so biological insights are often limited
or absent. This is particularly problematic in the context of brain cancers, which have very poor
survival rates. To generate and test new biological hypotheses, researchers have started using
mathematical models that can simulate tumour evolution. However, most of these models focus on
single-scale 2D cell dynamics, and cannot capture the complex multi-scale tumour invasion patterns
in 3D brains. A particular role in these invasion patterns is likely played by the distribution of micro-
fibres. To investigate the explicit role of brain micro-fibres in 3D invading tumours, in this study, we
extended a previously introduced 2D multi-scale moving-boundary framework to take into account
3D multi-scale tumour dynamics. T1 weighted and DTI scans are used as initial conditions for our
model, and to parametrise the diffusion tensor. Numerical results show that including an anisotropic
diffusion term may lead in some cases (for specific micro-fibre distributions) to significant changes in
tumour morphology, while in other cases, it has no effect. This may be caused by the underlying
brain structure and its microscopic fibre representation, which seems to influence cancer-invasion
patterns through the underlying cell-adhesion process that overshadows the diffusion process.

Keywords: cancer invasion; cell adhesion; multi-scale modelling; 3D computational modelling; T1
weighted image; DTI; glioblastoma

1. Introduction

Glioblastoma multiforme is a highly invasive and aggressive type of brain tumour,
typically with poor patient prognosis [1–7] (with a median survival rate of less than one
year [8]). These tumours arise from abnormal glial cells located in the central nervous
system, and shortly after their appearance, they invade the surrounding tissues in a
heterogeneous fashion. This heterogeneous invasion pattern leads to tumours whose outer
edges are difficult or impossible to determine with current imaging technologies, including
for instance magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI), both of
which measure the diffusion of water molecules and enable the study of brain structures.

Due to the limited experimental approaches that one can use to study the brain,
researchers have started using mathematical models to provide certain biological insights
that otherwise would be difficult to obtain experimentally. Such models can help predict
how tumours grow for specific patients, aiding clinicians in decision-making, or they
can help test and provide new hypotheses about potential anti-tumour treatments. The
mathematical modelling of tumours has seen significant advances in recent decades, which
have broadened our understanding of tumour dynamics and how cells interact with their
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Figure 5. 3D computer simulation results: (a) with only white–grey matter dependency (r = 1); (b) with only DTI data used
(DG = 1); (c) with both white–grey matter dependency and DTI data incorporated. To represent the simulation results, we
use the same format as in Figure 3.

As we mentioned, we see significant differences between the three cases only in
Figure 3. This either indicates that the anisotropic diffusion tensor only provides valuable
information in certain cases or that the initial micro-fibre density differs from the one that
produced the DTI scan, (i.e., the actual distribution). Since we use an artificial micro-fibre
structure that does not depend on the DTI scan which also aids the movement of the cancer
cell population via the adhesion integral Ac(·, ·, ·, ·) defined in (5), it is possible that in this
specific case, the micro-scale fibre distribution introduced a significantly different travelling
direction than the DTI data, resulting in discrepancies between the simulations. However,
due to the resolution of current DTI scans, it is not possible to construct a unique fibre
distribution within a micro-domain dY(x). Hence, to genuinely capture the underlying
brain structures that we can use within a mathematical model, our results suggest that
DTI scans with their present resolution may not be sufficient, and one might need to
look into either obtaining better resolution DTI scans or combine this with the strength of
different technologies such as magnetic resonance elastography. Nonetheless, this exceeds
the current scope of this work and requires further investigation.

4. Discussion and Final Remarks

In this study, we further extended the 2D multi-scale moving-boundary framework
previously introduced in [20,26], by developing it into 3D and applying it to the study
of glioma invasion within the brain. Since experiments are limited within the brain, we
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different technologies such as magnetic resonance elastography. Nonetheless, this exceeds
the current scope of this work and requires further investigation.

4. Discussion and Final Remarks

In this study, we further extended the 2D multi-scale moving-boundary framework
previously introduced in [20,26], by developing it into 3D and applying it to the study
of glioma invasion within the brain. Since experiments are limited within the brain, we

…where Diffusion Tensor Imaging (DTI) scans were used to estimate the anisotropic cell 
diffusion term ; T1 weighted images => image segmentation => white/gray matter densities
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Glioblastomamultiforme (GBM) remains an incurable condition, associated with amedian

survival time of 15 months with best standard of care and 5-year survival rate of <10%.

We report on four GBM patients on combination treatment regimens that included

oncolytic virus (OV) immunotherapy, who achieved clinical and radiological responses

with long-term survival, thus far, of up to 14 years, and good quality of life. We discuss the

radiological findings that provide new insights into this treatment, the scientific rationale

of this innovative and promising therapy, and considerations for future research.

Keywords: glioblastoma, immunotherapy, oncolytic virotherapy, biological therapy, Newcastle disease virus (NDV)

INTRODUCTION

Glioblastomamultiforme (GBM) represents∼50% of adult primarymalignant brain tumors, which
occur at an annual incidence of 2–3 per 100,000 adults (1), and is the most common cause of death
among patients with central nervous system tumors. The standard treatment regimen includes
resection followed by radiation and chemotherapywith temozolomide (TMZ) (2). Notwithstanding
this aggressive approach, the median life expectancy for GBM patients is only 15 months (3), with
limited treatment response after recurrence (4); only 5–10% of patients live for more than 5 years
(5). With such a dismal prognosis, the need for new therapeutic approaches for GBM is significant.

For over a century, there have been anecdotal reports describing the coincidence of various
viral or bacterial infections with tumor remission among cancer patients (6). Oncolytic viruses
(OVs) have been characterized and defined as preferentially replicating in tumor cells and inducing
their death while sparing normal cells (7). In addition to the direct lytic effect of OVs on
tumor cells, a strong virus-activated innate and adaptive immune response contributes to the
overall therapeutic outcome. These responses can overcome immunosuppressive forces in the
tumor microenvironment, ultimately shifting “cold” tumors to “hot” tumors (8). The release
of tumor-associated antigens and induction of immunogenic cell death subsequently stimulate
anti-tumor immune responses with potential for long-lasting tumor control (9). Some OVs also
infect tumor-associated endothelial cells, resulting in breakdown of the tumor vasculature and
subsequent necrosis of uninfected tumor cells (10). Tumor cell preference for OV propagation is
based on oncogenic signaling pathways or defects in innate antivirus responses frequently seen in
malignant cells (11, 12). Recent years have seen significant breakthroughs in OV engineering, which
has generated OVs encoding proteins that enhance their tropism for tumor cells (13–15).
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FIGURE 1 | Radiological follow-up of GBM tumors treated with oncolytic

virotherapy. (A) Patient 1 was diagnosed with GBM in 7/05 and underwent

total surgical resection in 8/05. OV therapy was initiated in 5/06 and given for

3.5 years, after which patient remained with NED for 6.0 years. Recurrence in

the left parietal lobe appeared on sagittal T1 contrast-enhanced images in

6/15 (left). The patient improved clinically after renewing OV alone. Five months

thereafter, lesion shrinkage was observed (right). (B) Patient 2 was diagnosed

with GBM in 10/10, underwent surgical resection and chemoradiotherapy.

Relapse occurred (12/11) in the right frontal lobe (left image top row, T1

contrast enhanced images), with clinical deterioration. OV therapy was

initiated. Follow-up imaging showed shrinkage until disappearance of the

pathological enhancement. Concurrent to OV therapy and shrinkage, multiple

scattered FLAIR hyperintense foci (with and without enhancement) were seen

(bottom row, FLAIR images, yellow circle), possibly an immune-mediated

response. (C) Patient 3 was diagnosed with a right temporal lesion (1/11;

left image, T1 post contrast), underwent surgical resection and

chemoradiotherapy, and no residual tumor mass was seen (9/11). Relapse

occurred (6/12; red arrow), and following a second resection, OV therapy was

initiated. The patient has no residual tumor (7/15; right image) and has

remained with no radiological or clinical evidence of disease. (D) Patient 4

was diagnosed with GBM (10/15) and underwent resection and

chemoradiotherapy. Following relapse in the surgical bed (5/16; yellow arrow,

left image of T1 contrast enhanced images), OV was initiated. The focus of

pathological enhancement decreased in size until disappearance (1/17).

Concurrent PET-MRI images (bottom row) showed hypermetabolic activity

even while Gd enhancement was decreasing.

TABLE 1 | Clinical summary of GBM patients undergoing OV therapy.

Patient 1 Patient 2 Patient 3 Patient 4

Age (y) at

diagnosis

33 54 43 46

Sex F F M M

MGMT

hypermethylation

Negative Positive Negative Negative

IDH1/2

status

Wild Type n.a. n.a. Wild Type

Duration of

Tx (y)

3.5 (break

of 6 y) + 4.5

5.0 >7 >3.5

OS from

Diagnosis

14.5 y (alive) 6 y (died 12

months after

stopping OV)

8.5 y (alive) >4 y (alive)

DC + – + –

Radiology NED 10 y;

relapse:

PPG and

shrinkage;

SD 3 y

PPG and slow

shrinkage =>

CR; NED

NED since

Tx

Resolution of

residual

disease →

NED

Comments Relapsed 6

y after Tx;

PR after

renewal of

Tx

Discontinued

Tx after 5 y;

relapsed; died

within 1 y.

NED since Tx

CR, complete response; DC, dendritic cell therapy; NED, no evidence of disease; OS,

overall survival; OV, oncolytic viruses; PPG, pseudo-progression; PR, partial response;

SD, stable disease; Tx, treatment.

started IA OV treatment. Hemiplegia improved clinically 3
weeks after initiating OV therapy, although surveillance MRI
1 month after OV therapy (1/12; Figure 1B) showed an initial
increase in tumor size to 30 × 32 × 30mm, compatible with
either true progression or pseudo-progression. However, follow-
up MRI scans were compatible with central necrosis, followed
by a slow decrease in the size of the enhancing lesion, until
no radiological evidence of disease was seen (9/14; Figure 1B).
Fluid-attenuated inversion, recovery (FLAIR) images captured
during OV treatment showed multiple diffuse foci of FLAIR
abnormalities (without clinical embolic causes, such as atrial
fibrillation). For socio-economic reasons, the treatment protocol
was modified to longer treatment intervals; the patient remained
stable with NED. Five years from diagnosis, she decided to
discontinue treatment for economic and psychological reasons.
She then deteriorated clinically and radiologically and died 12
months later.

Patient 3
A previously healthy 43-year-old man complained for 2 months
of increasing headaches and weakness of his left leg. MRI
(1/11) showed a SOL in the right temporal lobe (48 × 42
× 36mm), which was surgically resected. Histology revealed
MGMT-negative GBM. After standard chemo-radiation with
TMZ (75 mg/m2/d for 42 d), he received five additional cycles
of TMZ (200 mg/m2/d × 5 d/month) and recovered clinically.
Follow-up MRI showed radiological relapse (13 × 10 × 10mm)
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Ø Macroscale-level spatial 
and spatio-temporal data is 
available

Ø For model validation & 
quantitative predictions we 
need also microscale-level 
data

For the future...
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Figure 3. 3D computer simulation results: (a) with only white-grey matter dependency (r = 1), (b) with only DTI data used
(DG = 1), (c) with both white-grey matter dependency and DTI data incorporated. To present the simulations, we divide
each result into four panels: coronal, axial, sagittal and 3D view. Within each coronal, axial and sagittal views, we show
the tumour embedded within the brain on the left, the cancer cell density on the top-right and the ECM density on the
bottom-right. In the 3D view (the furthest right panel in each result) we show the cross-section of the whole brain with the
tumour on the bottom-left corner and on the top-right corner we show the isolated tumour.

In Figure 4, we keep the same three cases as in Figure 3, i.e., Figure 4a only white-
grey matter dependency, Figure 4b only DTI data and Figure 4c both. However, here we
place the initial tumour in the front-right part of the brain and show the results of tumour
invasion at the final time 50Dt. Due to the initial position of the tumour, we can see a
tumour that is growing away from the skull towards the centre of the brain as well as
it is mainly following the white matter. This creates a highly heterogeneous elongated
tumour with many branching outgrowths. On the other hand, in Figure 4 we only see
slight differences between the three cases. This contradicts the results from Figure 3 and
suggests that both the DTI data and white-grey matter dependency may not always be
decisive factor in tumour morphology.

Data time t1

prediction

Data time t2



Summary:

• Viral dynamics involves different multi-scale aspects that can be 
incorporated into mathematical/computational models
• But multiscale (spatial & spatio-temporal) data not always available… (or if available: 

very few data points => no ML)

• Technical aspects associated with parameter identification in these multi-scale 
models…

• Open problems associated with the modelling of multi-scale within-host/between-
host dynamics …

• Many (complex) mathematical models are used only for qualitative 
exploration of possible model dynamics
• Quantitative predictions require more data (& new computational approaches) to 

estimate parameters/functions


