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Abstract
Purpose—Although oncolytic viral vectors show promise for the treatment of various cancers,
ineffective initial distribution and propagation throughout the tumor mass often limit the therapeutic
response. A mathematical model is developed to describe the spread of herpes simplex virus from
the initial injection site.

Experimental Design—The tumor is modeled as a sphere of radius R. The model incorporates
reversible binding, interstitial diffusion, viral degradation, and internalization and physiologic
parameters. Three species are considered as follows: free interstitial virus, virus bound to cell
surfaces, and internalized virus.

Results—This analysis reveals that both rapid binding and internalization as well as hindered
diffusion contain the virus to the initial injection volume, with negligible spread to the surrounding
tissue. Unfortunately, increasing the dose to saturate receptors and promote diffusion throughout the
tumor is not a viable option: the concentration necessary would likely compromise safety. However,
targeted modifications to the virus that decrease the binding affinity have the potential to increase
the number of infected cells by 1.5-fold or more. An increase in the effective diffusion coefficient
can result in similar gains.

Conclusions—This analysis suggests criteria by which the potential response of a tumor to
oncolytic herpes simplex virus therapy can be assessed. Furthermore, it reveals the potential of
modifications to the vector delivery method, physicochemical properties of the virus, and tumor
extracellular matrix composition to enhance efficacy.

Viral vectors offer a promising approach to cancer treatment. Methods of antitumor efficacy
can include cell lysis, cytotoxicity of viral proteins, induction of an immune response, and
expression of a cytotoxic transgene. Oncolytic viral therapy—treatment with viruses that have
been genetically modified to selectively replicate in cancer cells but not nonneoplastic cells—
is a rapidly developing cancer gene therapy platform that can exhibit each of these antitumor
properties. Two of the most actively investigated viruses, adenovirus and herpes simplex virus
(HSV), have shown systemic safety and efficacy in various clinical applications (1).
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Although viral gene therapy vectors show remarkable biological specificity and activity for
the treatment of solid tumors, they suffer compared with conventional chemotherapeutics in
one main respect: intratumor distribution. Viruses are orders of magnitude larger than small
molecule chemotherapeutics (<1 nm versus 50–200 nm) and encounter severe transport
limitations in the tumor interstitium (2). The limited penetration of large vectors from the
injection site or the vasculature has been well-documented (3–5). The tumor extracellular
matrix most likely plays an important role in the distribution of viral vectors within tumors
(6,7). To properly assess the therapeutic potential of a viral cancer gene therapy vector, as well
as devise optimal delivery methods, a detailed understanding of the root causes of limited vector
distribution is needed.

Mathematical modeling offers a useful method to explore this issue and guide experimental
strategies to improve viral vector distribution and thus efficacy. Several models of oncolytic
viral therapy exist in the literature (8–10). Although extremely informative, these models focus
on the role of various biological processes such as the immune response and the cytotoxicity,
infectivity, and burst size of the virus. In addition, they compare how different treatment/
delivery schemes—manifested as initial intratumor viral distribution—affect the ability to
control tumor growth with oncolytic viral therapy. The present investigation aims to address
the more fundamental questions of how these initial distributions arise and what
physicochemical characteristics of the virus are responsible. We consider the role of viral
binding, internalization, diffusion, and degradation and explore the potential improvements in
distribution with various modifications to both the virus and tumor. Furthermore, although the
previous models describe the behavior of adenoviral vectors, this study focuses on HSV
(MGH2), which also shows great potential in tumor treatment.

Experiments are done in this study to determine the rate constants for viral degradation (via
hydrolysis) and cell surface binding and the concentration of heparan sulfate on the surface of
tumor cells. Values for the volume and concentration of virus after intratumor infusion and the
effective diffusion coefficient of viral particles in the tumor are estimated from our previous
work (6,11). Other parameters have been estimated from the literature. The model shows that
intratumorally infused virus will spread minimally from the site of injection, a consequence of
rapid cell surface binding and limited diffusion. However, various modifications to the tumor
and virus can markedly improve the distribution of virus in the tumor.

Materials and Methods
Mathematical model

The tumor is modeled as a sphere of radius R. Diffusion-reaction equations describe the
interstitial concentration of virus as a function of time and radial position. Diffusion in the
interstitial compartment, binding and uptake of HSV particles to cells, and degradation of both
free and bound viral particles via hydrolysis are the processes described (Fig. 1). Three species
considered are as follows: free interstitial virus, virus bound to cell surfaces, and internalized
virus.

HSV binding to the cell surface and subsequent internalization is not mediated by a simple
single ligand-single receptor interaction. Rather, it is a multistep process that involves several
viral envelope glycoproteins (12) and assumptions were made to facilitate mathematical
modeling. Cell surface binding has been found to be primarily mediated by the interaction of
glycoproteins gB and gC with heparan sulfate (13–15). A comparison of binding affinities
(16,17) and separate mutant virion analyses (18,19) suggest that gC binding to heparan sulfate
is the primary mechanism for cell surface attachment of HSV. Thus, we have modeled the
binding of HSV to cells as an interaction between the glycoprotein gC and cell surface heparan
sulfate. A second ligand-receptor interaction (gD-HVEM) facilitates internalization.
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For the model formulation, we also assume that there is no limit to the number of virus that
can be internalized by a single cell in accordance with models for antibody distribution in
tumors (20). A limit for the number of internalized virus must, however, exist. This limit varies
considerably among different cell types but every cell, which is permissive for viral replication,
is expected to uptake several hundreds of virus before being saturated.3 Given the number of
virus that can be internalized and the fact that the multiplicity of infection is relatively low
(usually <100 virus particles), saturation of the cells does not seem likely to happen.

The concentration profile for free (interstitial), and bound virus are given by

(1)

(2)

where CI and CB are the concentrations of free and bound virus, respectively (M); t is the time
(s); r is the radial distance (cm); D is the effective diffusion coefficient of virus in the interstitial
space (cm2s−1); kon is the second-order rate constant for binding of free virus (M−1s−1); koff is
the first-order rate constant for dissociation of bound virus from the cell surface (s−1); ϕ is the
volume fraction available to virus in the tumor; CHS is the concentration of cell surface
receptors (M); a is the number of receptors sterically blocked by the binding of each viral
particle; kd is the rate constant for degradation of the virus (s−1), assumed to be the same for
both bound and free virus; and kint is the rate constant of internalization of the bound virus.
The rate of change of the internalized virus is assumed to follow a first-order kinetics, i.e.,
∂Cint/∂t = kintCB. Therefore, the concentration of the internalized virus can be calculated by
the solution of the system of the two equations.

The boundary conditions are specified by spherical symmetry at the center of the tumor and a
virus sink at the edge of the tumor:

The initial conditions are

with no bound virus throughout the tumor. These conditions reflect a uniform initial
concentration of virus in the center of the tumor after direct intratumor injection, a common
approach in the treatment of solid tumors (21). The injection volume is spherical with a radius
of ρ. The differential equations were nondimensionalized (see Supplementary Model
Description) and solved simultaneously using a numerical finite difference method in Matlab.

3P. Grandi, personal communication.
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Choice of tumor and initial viral distribution
The baseline parameter values for the model are given in Table 1. As we are interested in
determining the transport limitations specifically in high collagen tumors, we used as our model
tumor HSTS26T, a human soft tissue sarcoma that we have previously shown has elevated
levels of collagen (7). The tumor radius was set to 0.05 cm based on our previous studies
(22,23). The radius of initial viral distribution into a fibrous tumor was measured in our previous
work (6) and was taken to be 0.025 cm. In that study, the area of initial viral distribution was
quantified by multiphoton imaging of fluorescently labeled HSV vectors at the injection site.

Estimation of transport parameters
The effective diffusion coefficients of particles the size of HSV have not been measured in
tumors with high collagen content. However, we previously measured the diffusion coefficient
of particles up to ~40 nm diameter in fibrous melanoma and sarcoma xenografts (24) and of
~150 nm diameter liposomes in tumors with relatively little collagen (11,25). By extrapolation
the effective diffusion coefficient of HSV particles in tumors with high collagen content should
be 5 × 10−10 cm2s−1. For validation, we also estimated the diffusion coefficient based on the
effective medium model for hindered diffusion of a solid sphere (26,27). In separate studies,
we have previously found the Darcy permeability (K) of HSTS26T tumors to be 3 nm2 (7) and
50 nm2 (28). We should note that the Darcy permeability of collagen gels with similar collagen
content to HSTS26T tumors (30 mg/mL interstitial matrix) was found to be 40 nm2 after
correction for the effect of cells (29). Assuming the diffusion coefficient of HSV particles in
solution is equivalent to that of similarly sized liposomes, this leads to calculated diffusion
coefficients of 2 × 10−9 cm2s−1 (K = 50 nm2) and 2 × 10−10 cm2s−1 (K = 3 nm2). Thus, our
extrapolated value from the in vivo data seems reasonable.

Estimation of kinetic parameters
We estimated the rate constant for degradation of HSV particles in the tumor interstitium by
measuring the rate of degradation in HSTS26T conditioned media and fitting to a first-order
kinetic model (Supplementary Fig. S1). Briefly, replication competent HSV (MGH2) particles
were incubated with 24-h conditioned media from HSTS26T cells at several concentrations at
37°C. At various time points, the medium was frozen in a dry ice/ethanol bath. The
concentration of viable viral particles at each time point was determined by titrating each
sample with HSTS26T cells. The rate constant for degradation was estimated by fitting the
data to a first-order rate equation. Incubation was done in duplicate and titration of both samples
in triplicate, and the average values were used in the analysis. It seems that proteins secreted
by tumor cells can degrade HSV because the half-time for degradation is ~4.25 h when
incubated with conditioned media, compared with ~24 h when incubated with PBS. Lacking
information for the degradation rate of bound virus, we assumed that it happens at the same
rate as the degradation rate of the virus in the solution.

The cell surface heparan sulfate concentration was determined experimentally for HSTS26T
cells using a dimethyl methylene blue dye assay following the manufacturer’s protocol
(Biocolor), and it is given in Table 1. The cell density was estimated to be 7.23 × 108 cells/mL
(1.2 × 10−12 M) based on Thurber et al. (20). To determine the number of heparan sulfate
molecules blocked by the binding of a single viral particle to the cell surface, we first needed
to determine the number of viral particles that can bind to a single cell. We modeled viral
particles and cells as spheres of 150 nm and 10 μm diameter, respectively, and assumed simple
cubic packing of virus on the cell surface. This analysis showed that virus, rather than receptor,
is limiting for HSV binding to cells (2.25 × 104 viruses per cell versus 1.0 × 107 heparan sulfate
molecules per cell). Although simple cubic packing most likely cannot be achieved due to steric
effects and the presence of other proteins on the cell surface, virus internalization occurs very
rapidly (t1/2, ~8 min; ref. 30) and frees space on the cell surface for other HSV particles to
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bind. As a conservative estimate, the calculated value for the number of viral particles that can
bind a single cell was reduced by a factor of 2. The number of heparan sulfate molecules blocked
by a single binding event was then estimated based on the total amount of heparan sulfate per
cell. Steric effects are also expected to slow down the internalization process, and thus, for the
calculation of the rate constant of internalization, the half time was taken to be 20 min, 2.5
times larger than in vitro measurements.

The rate constant for dissociation of bound virus from cell surface heparan sulfate was
estimated from a kinetic analysis of the binding of soluble gC to immobilized heparan sulfate
using surface plasmon resonance (16). The kinetic data fit well with a 1:1 model (one molecule
of gC binding to one molecule of heparan sulfate). The dissociation rate constant for this
process was measured at 25°C. To adjust to the physiologic temperature of 37°C, we estimated
the effect of temperature on the binding rate constant using published kinetic analyses of a
variety of other proteins (31–34). From these data, we assumed an increase of ~1.0 in ln(koff/
T) for the temperature change of interest. Although Rux et al. (16) measured the kinetic rate
constant for individual gC molecules, we applied them to HSV particles. Based on the spherical
nature of the HSV particle, we assumed that its attachment to the cell surface occurs at the
pole, due to the interaction of a single gC molecule with heparin sulfate.

Although Rux et al. (16) also measured the association rate constant for binding of soluble gC
to heparan sulfate, it was difficult to convert this value to a rate constant for HSV particles. It
is not clear whether the affinity of viral particles scales with the number of gC molecules on
its surface. To more accurately estimate the association rate constant, we experimentally
assessed the binding of HSV particles to HSTS26T cells in solution (Supplementary Fig. S2).
Briefly, replication competent HSV particles were incubated with HSTS26T cells in
suspension with gentle agitation. At various time points, cells were pelleted by centrifugation
and the supernatant immediately collected and frozen in a dry ice/ethanol bath. The
concentration of viral particles at each time point was determined by titrating with HSTS26T
cells. The association rate constant was estimated by fitting the data to a second-order rate
equation.

The values of the rate constants were determined based on the MGH2 type of HSV. Other
common types of HSV, such as G207 and G47Δ, are of the same size as MGH2 and have
identical envelopes. Therefore, we expect that the rates of diffusion, binding, internalization,
and degradation of these viruses to be similar to the corresponding rates of MGH2, and thus,
our model predictions should be applicable for these types of HSV. Another common type of
HSV, the NV1020, has a similar size and envelope with the MGH2 but also has a 5.2-kbp
insertion of an HSV-2 surface glycoprotein, which differentiate it from MGH2, and thus, its
efficiency of infection is probably different.

Estimation of volume fraction and viral concentration
There are no published measurements of the volume fraction of HSV particles or other similarly
sized particles in tumors. However, Krol et al. (35) developed an ex vivo method to measure
the volume fraction in tumors and determined the value for dextrans of various sizes. We
estimated the volume fraction by using the value they measured for the largest dextran (2 ×
106 MW) in s.c. MCA-R fibrosarcomas.

The initial intratumor viral concentration is taken from our experiments done with direct
injections of the oncolytic HSV vector MGH2 to treat a fibrous melanoma (6). The
concentration of virus in the tumor can be estimated because both the viral dose, 1 × 106 plaque-
forming unit, and the volume of virus distribution—as determined by imaging of the
fluorescently labeled viral particles directly after injection—are known. It is important to note
that plaque-forming unit is not a direct measure of total number of viral particles. In the assay
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for determining plaque-forming unit, plaque formation depends on multiple steps beyond
simply binding and internalization of the viral particle. Thus, not every viable HSV particle
(as defined in this model) will lead to plaque formation. The total number of HSV particles
can range from 3 to 100 times the plaque-forming unit, as determined by PCR, PicoGreen
staining analysis of the wild-type HSV.4 Clearly, this will be dependent on the experiment,
cell line, and virus preparation. As an approximation, we have estimated the total viral
concentration from the plaque-forming unit by using a factor of 50.

Results
Baseline simulations

We present our model results in terms of the Damkohler number, which represents the ratio of
the time scale for diffusion relative to various kinetic processes. Using the baseline values, the
Damkohler numbers for association (Daon), dissociation (Daoff), degradation (Dad), and
internalization (Daint) were calculated (see Supplementary Model Description). All four
Damkohler numbers are much greater than 1 (Daon = 8.7 × 106, Daoff = 4.0 × 104, Dad = 2.4
× 102, Daint = 2.9 × 103), signifying that the processes of binding, degradation, and
internalization occur much more rapidly than diffusion (Fig. 2A–C). Most of the virus binds
to cell surfaces and is internalized very rapidly. Four hours after viral injection >90% of the
initial amount of virus was internalized and the rest degraded because there is no free or bound
virus left (Fig. 2A–C). Additionally, there is little virus diffusion in the adjacent tumor tissue;
at 4 hours, <3% of the remaining virus is beyond the initial injection volume. To confirm that
the distinctive profile is a consequence of rapid binding and internalization, the model
simulation was also done without both binding and internalization. The virus diffuses further
in the tumor, and after 4 hours, which is the half time of viral degradation, half of the virus is
degraded (Supplementary Fig. S3).

Sensitivity analysis
Next, we did a sensitivity analysis to determine the relative importance of each parameter and
to gauge the ability of various virus and tumor modifications to improve intratumor distribution
and therapeutic efficacy (Table 2). To compare different simulations, various indices were
considered. The total number of internalized viral particles in both the initial distribution
volume (“virus inside”) and the adjacent, initially uninfected region (“virus outside”) were
calculated. The values normalized to the baseline simulation for each of the two species are
also given, serving as a better measure of the relative change induced by each modification.
We assessed the amount of viral spread from the initial injection site by calculating the volume
of adjacent space that contains internalized virus (“volume spread”). We chose as our threshold
internalized virus concentration 1% of the initial injection concentration (1.27 × 10−11 M).
This concentration corresponds to ~10 viral particles per cell. The entry of 1 viral particle in
the cell nucleus can cause cell death (36); thus, the uptake of 10 particles will likely lead to
cell infection. The volume spread was calculated at each time point and the maximum value
was chosen to best reflect the volume of the tumor that is infected with virus. A description of
each of the simulations follows.

Binding kinetics
We first examined the effect of changes in virus binding characteristics on spatial distribution.
We analyzed the extent to which a decrease in affinity to heparan sulfate would improve
distribution. A 10-fold decrease in the affinity increases negligibly the amount of internalized
virus in the adjacent space and the spread volume (Fig. 3A). This change in the affinity constant

4P. Grandi, personal communication.
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was chosen to reflect possible changes to the virus itself. Rux et al. (16) found that deletion of
residues 33 to 123 of gC results in an order of magnitude increase in its KD. Furthermore, it
has been shown that gB-heparan sulfate is the second strongest interaction between HSV and
cells, with a binding affinity that is an order of magnitude lower than for gC (16,17). Thus, a
10-fold decrease in the affinity constant approximates the change that would occur if gC is
modified or deleted.

Beyond gC and gB, the interaction of other viral envelope glycoproteins with cell surfaces is
less well-studied. It has been found that the binding affinity of gD with its cell surface receptor
is an order of magnitude lower than for gB-heparan sulfate, and two orders of magnitude lower
than for gC-heparan sulfate (37). Thus, we examined the effect of a two orders of magnitude
decrease in the affinity, which would reflect changes to both gC and gB. This leads to a >50%
increase in the spread volume (Fig. 3A). As expected, the amount of internalized virus in the
initial injection area decreases as a greater fraction is free and diffuses out of this volume.
However, there is still enough virus per cell in this region to cause cell infection.

When changes to the dissociation constant (i.e., Daoff) were analyzed, we found proportional
and opposite effects when compared with changes in the association constant (i.e., Daon). Thus,
these results are not displayed in Table 2. We should also note that a change in Daon can reflect
a change in either kon or CHS. Thus, binding affinity can be reduced by changing the virus, as
mentioned above, or by modulating the levels of heparan sulfate receptors.

Degradation
Our experiments showed that the t1/2 for degradation of HSV particles at 37°C in tumor cell
conditioned media is ~4 hours, whereas t1/2 is ~ 24 hours in PBS. However, these in vitro
experiments may not completely capture the conditions in vivo, where the concentration of
extracellular factors may be different. It is therefore important to analyze the sensitivity of the
model to this parameter. Virus binding and internalization takes place much faster than
degradation and is the main cause of loss of bound virus from the system. When the degradation
rate constant is increased by a factor of 10, the amount of internalized virus decreases by ~40%
because now, the degradation and internalization rate constants are of the same order of
magnitude, whereas the spread volume is decreased by only 6% (Fig. 3B).

Conversely, decreasing the virus half-life by a factor of 10 did not change the concentration
profile and the spread volume significantly compared with the baseline simulation (Fig. 3B).
This is because the virus is internalized rapidly and it has no time for degradation.

Internalization
Based on in vitro studies (30), we estimated the half time of virus internalization to be 20
minutes, an order of magnitude faster than the rate of degradation. As a result, when the virus
is bound to the cell surface, it is internalized rapidly and frees up space for more viruses. This
is the reason that for the baseline simulation almost all the virus is internalized inside the
injection volume and only a small proportion is able to diffuse in the adjacent tumor volume.
We expect, however, that as more and more virus is internalized, the ability of the cell to take
up more viruses is decreasing. A 10-and 100-fold decrease of the internalization rate reduces
the amount of internalized virus by 40% and 90%, respectively. However, the volume spread
of the virus increases only by 5% (Fig. 3B). Therefore, changing the internalization rate of
viral particles does not alter virus distribution significantly.

Diffusion
Altering the effective diffusion coefficient can have an effect on the distribution of virus in the
tumor. Our previous work has shown that the effective diffusion coefficient in tumors correlates
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negatively with collagen content (7). In this model, we have chosen our effective diffusion
coefficient to reflect transport in a collagen-rich fibrosarcoma. Thus, we have chosen a
particularly low diffusion coefficient. Based on a comparison of the effective diffusion
coefficient of various tracer molecules in tumors with high and low levels of collagen (11), we
believe that a 20-fold increase in D more accurately reflects the conditions in less fibrous solid
tumors. Furthermore, based on previous work, we estimate that this increase in diffusion
coefficient is possible for large particles such as HSV in high-collagen tumors with the addition
of collagen-modulating factors (7,38). The increase in the diffusion coefficient results in a 25%
increase in the amount of internalized virus outside the initial injection volume, and the spread
volume increases by 18% (Fig. 3A). Thus, the model predicts that an oncolytic HSV vector
would be more effective in treating a low-collagen tumor than a high-collagen one. It also
suggests that matrix modification may be a useful method to improve viral vector distribution
in those tumors with a significant amount of collagen and hindered diffusion.

Volume fraction
The volume fraction of tumor accessible to virus has the potential to affect therapeutic response
because it influences virus accumulation and distribution in the tumor. The variation in volume
fraction for particles the size of HSV has not been determined in different tumors. However,
the interstitial volume of tumors—which plays an important role in determining the available
volume fraction—has been measured in various tumors and found to range from 10% to 60%
(39–41). In a fibrosarcoma with an interstitial fluid space of ~50%, the accessible volume
fraction for large macromolecules (molecular weight, >105) was found to be <0.1. Based on
these data, to approximate various tumors, we did the simulation with a 3-fold increase (ϕ =
0.15) and 3-fold decrease (ϕ = 0.017) in the volume fraction. Table 2 shows that variation of
the volume fraction does not have any direct effect to the kinetics of viral distribution. However,
changes in the volume fraction affect significantly the diffusion coefficient, D, of the virus,
which in turn can change the distribution of the virus in the tumor.

Initial dose
We analyzed the effect of input viral dose. A 100-fold increase in initial viral concentration
resulted in nearly equivalent increases in viral concentrations inside the initial distribution, and
only an 18% increase in the spread volume (Table 2). A greater than proportional increase in
the amount of virus outside the initial distribution volume was observed, suggesting that we
are approaching the viral concentration necessary to saturate receptors. Indeed, for a 1,000-
fold increase in the viral concentration, <12% of this virus inside the injection site is
internalized (Fig. 4A) within the first 4 hours after injection. The virus behaves like a moving
front of internalized virus. The final amount of virus outside the initial injection volume has
been increased by >400 times compared with the baseline simulation and the volume spread
has increased by 60%.

Discussion
The model has revealed some important characteristics of intratumor virus transport. The
simulations show that rapid binding and internalization, and impaired diffusion limit the
distribution of virus in the tumor. After injection into the interstitial space, virus will quickly
bind to cells. Even in the absence of binding, diffusion is a relatively slow process due to the
large size of the virus (6). The model also points to various methods of virus and tumor
modification, which can enhance the efficacy of oncolytic HSV. Two such modifications are
a decrease in the binding affinity via alteration of the viral envelope and an increase in the
effective diffusion coefficient of virus through degradation of the tumor extracellular matrix.
Model simulations with both of these modifications show significantly improved virus
distribution (Table 2;Fig. 4B). Although modified HSV vectors with mutations in gC and gB
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have been developed (18,19,42), these changes have yet to be incorporated into oncolytic
vectors. Additionally, other envelope modifications have been developed (43). Whether these
changes can improve viral spread and enhance efficacy is an exciting question that we hope
will be answered in the near future.

Lowering the binding affinity improves the distribution of HSV but at the same time decreases
virus binding and internalization, which is in agreement with studies for the penetration of
specific antibodies in tumors (20). Our results (Table 2) show that although the binding affinity
was reduced by a factor of 100, the amount of virus inside the initial injection volume was
reduced by only 6%, whereas the volume spread was increased by 52%. Here, we again
assumed that 1% of the initial viral concentration is sufficient to infect the cells. It is likely,
however, that a low binding affinity affects the infectivity of the virus, and in this case, more
viral particles may be required to kill cells.

A second approach to overcome rapid binding and enhance diffusion is to alter virus binding
sites in the tissue, similar to the approach previously developed for antibodies (44). In theory,
virus particles would diffuse farther but then compete for binding sites and eventually infect
cells distant from the injection site. This method has the advantage of not altering the intrinsic
affinity of the virus, which may have unforeseen consequences and decrease infection
efficiency. As for modifications to the tumor extracellular matrix to increase diffusion, we have
shown that bacterial collagenase can enhance the distribution and efficacy of oncolytic HSV
in a human tumor xenograft model (6). In the future, clinically relevant approaches to degrade
the matrix or block the synthesis of matrix molecules may improve the delivery of virus while
avoiding unwanted secondary effects such as enhanced tumor cell invasion and metastasis.

Because the initial virus distribution in the tumor is critical for an oncolytic virus to control
tumor growth, this also points to the importance of the method of viral delivery. For a direct
intratumor injection, the rate and volume of infusion, tumor permeability and hydraulic
conductivity, and the number of injection sites will all be key parameters. Any choice of
parameter values that improves the initial distribution may enhance treatment outcome. Indeed,
a study has already shown that fractionated injection of an oncolytic HSV in multiple sites is
advantageous to a single injection (45). Bobo et al. (46) showed that the distribution of large
molecules in the brain could be improved by prolonged infusion. They also showed that the
volume of distribution increased linearly with the infusion volume. However, enhancing the
distribution of therapeutics by optimizing infusion parameters may not be a viable option for
many tumors. Boucher et al. (47) found that even at low flow rates, albumin infused in the
center of a fibrosarcoma distributed asymmetrically from the source. Fluid accumulated in
necrotic regions and at the surface of the tumor, with channels of fluid connecting these regions.
The extreme stiffness of these tumors—likely due to the composition and structure of the
extracellular matrix—seemed to contribute to the difficulty in obtaining uniform and
widespread delivery. Given this observation, an alternative method to enhance intratumoral
infusion may be to increase the permeability and hydraulic conductivity of the tumor. We have
recently validated this hypothesis experimentally (24). The expression of the matrix degrading
proteases matrix metalloproteinase-1 and matrix metalloproteinase-8 was shown to increase
tumor hydraulic conductivity, improve the distribution of intratumorally injected oncolytic
HSV vectors, and enhance overall therapeutic efficacy. Killing tumor cells (e.g., apoptosis) to
create interstitial transport pathways can also increase the spread and efficacy of oncolytic
HSV (48).

Our current model is limited in that it does not account for downstream events and particularly
for virus replication. Modeling virus replication and the spread of viral progeny is a challenging
task and was beyond the scope of the present study. The entire process of HSV replication
takes ~18 to 20 hours (36). In this time interval, other events—such as tumor cell proliferation
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and tumor volume change—occur, which further increase the complexity of the model.
However, after cells lysis, the transport of progeny virus in the extracellular space is also
hindered; hence, only adjacent cells will be infected. Characteristic of the slow diffusive
transport of the virus is the fact that given the baseline value of the diffusion coefficient (5 ×
10−10 cm2/s), it will take ~22 minutes for the virus to travel a distance equal to the size of a
cell (~20 μm). The model results are consistent with the slow diffusion and local infection of
neighboring cells, although direct spread from cell to cell through junctions likely contributes,
as well (49).

The model also does not account for binding of the virus to extracellular matrix molecules or
other cell surface molecules and receptors, and lacks a complete description of virus clearance,
particularly via the systemic circulation, which has been found to be quite significant for
intratumorally injected virus (50). The model also assumes a uniform distribution of virus in
the center of the tumor after intratumor injection, ignoring the effects that matrix structures
and infusion conditions can have on convective delivery during this process. Furthermore, the
remarkable variations in the composition of the interstitial matrix and in the organization of
the vascular network between tumor types add further complexity in the development of a
complete model. For that reason, the tumor of interest has to be specified for the determination
of the values of the model parameters (Table 1).

In this work, we have modeled relatively small tumors (5 mm diameter). Scaling up to larger
tumors would require an increase in dose of at least an order of magnitude. Taking these
considerations into account, at least five orders of magnitude increase in dose would be
necessary to achieve the improvements in distribution shown in Fig. 4A. This dose would be
orders of magnitude beyond what has been used in human clinical trials (1). Such a high dose
would likely compromise the safety of an oncolytic HSV vector and would most certainly be
impractical to obtain, given the relative difficulty of purifying HSV at high titers.

In conclusion, our results suggest that there are two efficient ways one can improve penetration
of HSV virus in tumors. This can be achieved by either decreasing the affinity of binding to
the cell surface through alterations of the viral envelope, or by increasing the diffusive transport
of the virus through modifications of the interstitial space.

Translational Relevance

Oncolytic viruses offer a promising approach to the treatment of solid tumors. However,
their effectiveness is often limited by insufficient distribution throughout the tumor. Here,
we develop a mathematical model that provides insight into the causes of this inadequate
distribution. We use parameters estimated from our own experiments and those of others
to describe the processes of viral binding, interstitial transport, and degradation for herpes
simplex virus (HSV). In strong agreement with our previous in vivo findings, the model
predicts that infused HSV vectors will not spread significantly from the injection site.
Importantly, we use this model to evaluate two methods for improving viral distribution
and efficacy: (a) decreasing the affinity of HSV for its cell surface receptor and (b)
modulating the extracellular matrix. We show that the combined effect of such changes
would lead to a 3-fold or greater increase in the number of infected cells in the area
surrounding the injection site.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic diagram of model. The tumor is modeled as a sphere. Initially, virus is uniformly
distributed in a spherical volume at the center of the tumor. Over time, virus spreads into the
adjacent space. The four processes considered are as follows: (a) association and dissociation
of virus and cell surface herapan sulfate; (b) degradation of free and bound virus; (c) diffusion
of free virus; and (d) internalization of bound virus.
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Fig. 2.
Spatial profiles for free, bound, and internalized virus using baseline parameter values. Virus
concentrations have been normalized to the initial free viral concentration in the injection site.
The radial position has been normalized to the tumor radius (with 0 being the tumor center,
0.5 being the edge of the initial injection site, and 1.0 being the tumor edge). A, free virus spatial
profile. B, bound virus spatial profile. C, internalized virus spatial profile.
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Fig. 3.
Effect of parameter modifications on internalized virus concentration and spread volume. The
values for the total concentration of internalized virus outside the initial distribution volume
and the spread volume are shown, normalized to the values in the baseline simulation.
Concentrations are at 4 hours after the beginning of the simulation and spread volumes are
maximum values. A, effect of changes in the binding kinetics and diffusion coefficient on virus
distribution. A decrease in the binding affinity or an increase in the diffusion coefficient
increases the spread volume significantly. B, effect of changes in the degradation and
internalization rate constant on viral distribution. An increase in the degradation rate or
decrease in the internalization rate result in a significant decrease in the amount of virus but
has no effect on the spread volume.

Mok et al. Page 16

Clin Cancer Res. Author manuscript; available in PMC 2010 May 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Spatial profiles for internalized virus using adjusted parameter values. A, model simulation
with the initial dose increased1,000-fold, whereas all other parameters are kept at their baseline
value. Virus behaves as a moving front of internalized virus into the adjacent space as receptors
in the initial injection volume have been saturated. B, model simulation with the diffusion
coefficient increased by a factor of 10, and Daon decreased by a factor of 100, with all other
parameters kept at their baseline value. Significant diffusion into the adjacent volume occurs.
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Table 1

Baseline model parameters

Symbol Definition Value

D Diffusion coefficient 5E-10 cm2s−1

kon Association rate constant 5E3 M−1s−1

koff Dissociation rate constant 8E-3 s−1

kd Degradation rate constant 4.8E-5 s−1

kint Internalization rate constant 5.78E-4 s−1

C 0 Initial virus concentration in injection volume 1.27E-9 M

R Radius of tumor 5E-2 cm

P Radius of initial viral injection 2.5E-2 cm

ϕ Volume fraction of tumor accessible to virus 0.05

CHS Heparan sulfate concentration 1.74E-5 M

a Heparan sulfate molecules per bound virus 1E3
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