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Mathematical Model Development

Boundary and Initial Conditions

Boundary Condition:
We take no-flux boundary condition for all variables (z,y,n, K, K’,v, B) at the origin and

X
o = won ING) (1)
ov
5 = 0, on 690, (2)

where v is the outer normal vector and X = X (¢) represents the free boundary.

Initial Condition:
The initial conditions are given as follows:

z(r,0) = 0.49 * (1.0 + tanh(—(r — 0.09)/0.01)) (3)
y(r,0) = 0.0 (4)
n(r,0) = 0.0 (5)
K(r,0) = 0.01 * (1.0 + tanh(—(r — 0.09)/0.01)) (6)
K'(r,0) = 0.0 (7)
v(r,0) = 1.0 (8)
B(r,0) = 0.0 (9)

Nondimensionalization

In the simulations of the model we used the non-dimensionalization described below, but we presented
the final results in dimensional form.

www.pnas.org/cgi/doi/10.1073/pnas.1715295115
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| Variable [ Description | Dimensional value | Ref \
L Length scale 3 mm [11]
T Time scale 1h
(C] Typical cell density 106 cells/mm? [2,9]
v* virus concentration 2.2 x 108 virus/mm? [2,9]
B* Bortezomib concentration 1.0 x 1071 g/mm? [11,12]
Table S1. Reference value used in the mathematical model.
Nondimensionalized Variables and Parameters.
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Diffusion coefficient of cells D is 3.6 x 10~ mm?2/h. From the approximation D, ~ 10*D [3], we get
D, = 3.89 x 1072 mm?/h.
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Figure S1. Adjuvant NK cell treatment significantly enhances bortezomib and oHSV-treated glioma
cell killing as dose dependent manner. U251T3-mCherry cells which stably express mCherry, were
pretreated with or without bortezomib for 16 hours followed by oHSV treatment at an MOI of 0.01
(ED50). Two hours post oHSV infection, cells were washed to remove unbound virus and then overlaid
with different number of primary donor-derived human NK cells. Twenty-four hours later, cells were
harvested and stained with a Live/Dead Fixable Aqua Dead Cell staining solution. (A-E)
Representative scatter plots for various glioma:NK ratios: NK(-) (A), 1:0.5 (B), 1:1 (C), 1:2 (D), 1:4
(E). (F) Definition of areas in each subpanel in (A-E) based on GFP(4/-) status and live/dead status.
(G) NK cell mediated tumor cell killing versus GFP-positive oHSV-infected tumor cells (%) for various
glioma:NK ratios in (A-E). Errors bars represent £SD for each group.

Cell killing rates (81, 82,71, V2, 71, v2): We assume that the effect of B — necroptosis of y is larger than
B — apoptosis for x as indicated in previous studies [11,12], and NK cells kill more effectively y cells, and
take B = 281, 72 = 10y;. We assume that K’ is more efficient than K in killing cancer cells, and take



Figure S2. Mice were implanted intracranially with patient derived primary GBM (GBM30) cells and
treated with oHSV 10 days post tumor implantation. Tumor-bearing half-hemispheresharvested 3 days
after the viral treatments were subjected to NK cell counting by Flow cytometry. Approximately 2,000
NK cells were infiltrated into the oHSV-treated tumor-bearing brain hemisphere compared to
approximately 360 NK cells found to be infiltrated into the PBS-treated control brain hemisphere.
Dynamic contrast enhanced MRI (DCE-MRI) showed representative images of coronal brain sections of
intracranial glioma-bearing mice 10 days post tumor implantation. Implantation of 1x105 tumor cells
has caused an approximately 3.35 mm? size of tumor after 13 days. Based on these observations, the
ratio of NK cells to tumor cells is likely much lower than 1:10.

v = 3071, v5 = 30~2 where 0 < 0 < 1.

a1: We assume that B doubles when the replication of v when B = B*, 1 + a3 B* = 2 [12], leading to
ar = 101 mm3/g.

kp: We take the reference value of bortezomib to indicate the instant consumption of bortezomib by
uninfected and infected tumor cells, and activation of endogenous NK cells, leading to kg = B* =
1.0 x 1071 g/mm3.

up: The average half-life of Bortezomib is 10-31 hours [6]. The mean elimination half-life of after the 1st
dose was in a range of 9-15 hours at dose level 1.45-2.00 mg/m? in patients [4]. We take 20 h, leading to
BB = 355 = 3.47 x 1072 /h.

11, po: Bortezomib has a long half-life of 31 hours while internalization of bortezomib into an infected cell
and infection of tumor cells happen at a much faster time scale. Therefore, we assume that the consump-
tion term in equation (17) is much bigger than natural decay term, leading to (1 + ,ugy)% > 0.166B >

pp B with an estimation of -B— ~ 0.5. By setting y; = u» and an estimation of z+y ~ 0.8x1072 g/mm?,

jgl +B
we get g = pip = 20— 1 — 2,075 x 1079/h.

ag: Endogenous NK cells are activated by the presence of necrotic cells at the rate of A\;. We assume that
recruitment of endogenous NK cells (K) by necrotic cells will be doubled in the presence of bortezomib.
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Figure S3. Sensitivity Analysis using General Latin Hypercube Sampling (LHS) scheme and Partial
Rank Correlation Coefficient (PRCC) was performed on the current model. The reference output in
color is PRCC values (red for positive PRCC values; blue for negative PRCC values) for the

populatlons of unlnfected cancer cells (& fQ dr), infected cancer cells
= fQ(t dr), necrotic cancer Cells (A( fQ(t) (r,t) dr), endogenous NK cells
fQ t) dr), exogenous NK cells (K’ = fﬂ(t) K’(r t) dr), and oncolytic viruses
(f[} fQ(t) r, t) dr), and bortezomib level ( = Joq) B(r,t) dr) at time ¢ = 13,26,40 days.

We assume that B doubles the proliferation of K when B = B*. We also assume that in steady state,
w55 ~ L. Hence, 1+ apd = 2, leading to as = 2.0.

Wi, ;. In young and healthy individuals, the average half-life of NK cells was estimated to be 10
days [13]. The half-life of mature NK cells was measured to be 7-8 days [1,5,10]. We take the half-life of
NK cells 7 days. Since In(2)/(7days) = 0.099/day ~ 0.1/day, we take ugx = 0.1/day = 4.1 x 1073 h~L,
We also assume that pr = pug = 4.1 x 1073 h~L

The list of parameters and their values are given in Tables S2,51.

Sensitivity Analysis

The model contains 27 parameters, many of whom are available in the literature or can be estimated, but
there are some for which no experimental data are known or which are important to carefully determine.
These parameters are oy, aa, 3, B1, B2, Y1, Y1y Y25 Vos A1 ANK, b, 111, 2. In order to determine how sensitive
is the population of cells and viruses, and bortezomib level after 13, 26 or 40 days to these parameters, we
have performed a sensitivity analysis using a method developed in [7] and modifying Matlab files available
from the website of Denise Kirschner’s Lab: http://malthus.micro.med.umich.edu/lab/usadata/.

We have chosen a physiologically reasonable range for each of these parameters, and divided each
range into 1,000 intervals of uniform length, with all other parameters fixed at values given in Ta-
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Figure S4. Effect of a new combination therapy (NK cell depletion + NK cell injection) on the
relative tumor size in a t; — 75 plane. Initially, the NK cells were depleted for 7o days and NK cells were
injected at ¢, days (¢1 > 72). Parameter: Ayx = 3.2.

ble S2. For each of the fourteen parameters of interest, a partial rank correlation coefficient (PRCC)
value is calculated. The PRCC values range between -1 and 1 with the sign determining whether an
increase in the parameter value will decrease (-) or increase (+) the variable of interest at a given
time. Both the PRCC values and the associated p-value for the fourteen perturbed parameters are
computed and recorded in Fig. S3, which shows the sensitivities to parametric variations for popula-
tions of uninfected cancer cells: (&(t) = fQ(t) x(r,t) dr), infected cancer cells: (§(t) = fQ(t)y(r7 t) dr),
necrotic cancer cells: (f(t) = fﬂ(t)n(r7 t) dr), endogenous NK cells: (K(t) = fQ(t) K(r,t) dr), ex-
ogenous NK cells: (K'(t) = fQ(t) K'(r,t) dr), and oncolytic viruses: (d(t) = fQ(t)v(nt) dr), and
concentrations of bortezomib: (B(t) = fQ(t)B(r, t) dr) at t =13, 26, and 40 days. We conclude
that (i) the uninfected cancer population is negatively correlated to the parameters 3,1, ANk, b, but
it is weakly correlated with ay, as, 81, 82, 71,72, V%, A1, pi1, po. (ii) the infected cancer population is
negatively correlated to the parameters i, Ang, but it is weakly correlated with other parameters (
B,b,an, g, B1, Bo, Y1572, Vas A1, pi1, o). (iii) the endogenous NK population is positively correlated to the
parameters Aj, but negatively correlated with v1,7;, ANk (iv) the exogenous NK population is positively
correlated with ¥4, Ay i, but is weakly correlated with other parameters. (v) OV population is positively
correlated to the parameters aq, 3,b, but is negatively correlated to the parameters v1,v2, A1, ANk, t1-
While high level of sensitivity of OV population to replication rate b is obvious, inhibition sensitivity of
OV replication by NK cells through ~» can explain why depletion of endogenous NK cells can increase
oncolytic tumor cell killing, increasing anti-tumor killing potential (Fig. 5B in the text). (vi) Bortezomib
level is positively (or negatively) correlated to the parameters 1, Ay (or py), with little correlation with
other parameters. These results are consistent with our findings that external injection or depletion of
NK cells (K, K') plays a critical role in bortezomib-assist OV therapy in glioblastoma.
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Figure S5. Nonlinear effect of combination therapy (NK cell depletion+exo-NK cell injection) on the
tumor size for various injection time ¢; = 12,13,...,30 days of NK cells after initial NK depletion

(12 = 12 days). (A) The relative tumor size in response to NK cell injection at various injection time
points immediately after NK cell depletion. (B) The relative tumor size in response to various injection
time points of NK cells after the 12 days of NK cell depletion process (72 = 12 days fixed). The tumor
sizes in cases of base (WT), NK cell depletion alone (NK-KD), NK cell injection alone (Exo-NK) were
marked in dashed (black), dotted (red), and dash-dot (green) lines, respectively. The anti-tumor
efficacy of the combination therapy relative to the base therapy depends on the schedule of NK cell
injection. Parameter: Ayg = 3.2.

Development of a new combination therapy: NK cell injection
after NK cell depletion

We showed the nonlinear behavior of tumor growth in response to cases either when NK cells were removed
from tumor microenvironment (TME) by anti-Asialo-GM1 antibody (NK-KD) or when exogenous NK
cells were introduced to the system (Exo-NK). See Fig. 3 and Fig 5A in the main text. It would be
interesting to see the effect of a new combination strategy on the tumor size by initially depleting NK cells
for the duration of 7 days and intratumorally injecting NK cells at time ¢; (Here, we assume t; > 73).
Fig. S4 shows the tumor size relative to the base case (100%) at final time in response to various schedules
in the t; — 75 plane. The relative tumor sizes for complete NK cell depletion by anti-Asialo-GM1 antibody
and pure NK cell injection were marked by arrows on the z-axis. The tumor shows the nonlinear behaviors
in different combinations of NK depletion duration (72) and injection time (¢1). For most of combinations
of t1, 19, the tumor size is smaller than the base case (WT) and the efficacy of this combination therapy
is improving as 7o and t; are increased but remain moderate. However, the model predicts that the
anti-tumor efficacy will be significantly reduced for higher values of ¢1,7. Fig. S5A shows the relative
tumor size at final time (¢ = 40 days) in response to the NK cell injection immediately after the NK cell
depletion treatment (i.e., t; = 72). For a relatively early transition from NK cell depletion to NK cell
injection (t; < 15), the tumor size is smaller than in the base case (WT) and Exo-NK case, but is larger
than in the NK-KD case. In this case, an early intervention of NK cell depletion by the combination
therapy reduces the OV-mediated tumor cell killing and eradicates the chances of NK cell-mediated
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Figure S6. The effect of NK cell retention on anti-tumor efficacy. (A) The relative tumor size in
response to NK-KD case and various half-life (7},) of injected NK cells in tumor microenvironment:
Tn =9.6,7.0,4.8,3.2,0.7 day. (B) Time courses of the populations of exogenous NK cells with different
half-life: T, = 9.6,7.0,3.2,0.7 day. The tumor size was normalized with respect to the base case (WT).
ANK =5.2.

control of tumor growth at earlier time points, leading to intermediate anti-tumor efficacy that is lower
than one of NK cell depletion (NK-KD). On the other hand, the tumor size is decreased further as the
transition time (t; = 72) is increased. For intermediate transition time points (15.5 < ¢; < 19.5), the
tumor size is even smaller than in the NK-KD and Exo-NK cases, leading to the best outcome. However,
the tumor size jumps to a larger value as the transition time is increased further (¢; > 20), leading to
faster tumor growth and lower anti-tumor efficacy. Therefore, the intermediate transition times (red
dashed box in the middle) results in the best strategy of reducing the tumor size. Initial depletion of
endogenous NK cells in the system upto this optimal transition times enhances tumor cell killing by
increased oHSVs and the subsequent NK cell injection further removes the remaining tumor cells from
the system, resulting in the best tumor cell killing. When this transition time is significantly delayed, the
killing rate of oHSVs in the infected cells by injected NK cells is too big, suppressing OV-mediated tumor
cell killing, while the late injection schedule induces low NK cell-mediated tumor cell killing. Therefore,
this late timing results in low anti-tumor efficacy. Fig. S5B shows the nonlinear effect of the combination
therapy (NK cell depletion followed by NK cell injection) on the tumor size for various injection time
points t; = 12,13,...,30 days after 12 days of NK cell depletion by anti-Asialo-GM]1 antibody treatment.
For relatively early time injections (12 < ¢; < 19 days), the combination therapy leads to better than
base case and Exo-NK alone. But the anti-tumor efficacy is still lower than in the NK-KD case. However,
this tumor size is decreased further as the injection time point (¢1) is further delayed until ¢; = 26 days
(19 < t1 < 26 days). For the longer injection time point (t; > 26 days), the tumor size is getting larger
because the effect of NK cell depletion is reduced and injection time of new NK cells is too late to control
an already large tumor, resulting in the reduced anti-tumor efficacy.



Impact of NK cell retention in tumor microenvironment (TME)
on the OV-bortezomib therapy

We investigated the effect of retention time of exogenous NK cells on the final tumor size and the
NK cell population in tumor microenvironment. Fig. S6A shows the relative tumor size in response
to NK-KD case and various half-life (7}) of injected NK cells in tumor microenvironment: 7},
9.6,7.0,4.8,3.2,0.7 day. These values correspond to the decay rate of exo-NK cells, f1x = 3.0x1073,4.1x
1073,9.0 x 1073, 4.1 x 1072 h!, respectively. Fig. S6B shows the time courses of the normalized exoge-
nous NK cell populations for different pg-’s or Ty, = 9.6,7.0,3.2,0.7 day. The population was normalized
relative to the base value in our model, T}, = 7.0 days. As the half-life decreased, the population of NK
cells within the tumor microenvironment decreased (Fig S6B), increasing the tumor size. For example,
the population of NK cells in the case of T, = 0.7 day quickly disappears from the tumor microenvi-
ronment 5 days after the injection (red dashed line in Fig S6B). In our experiments, the exogenous NK
cells were introduced by intratumoral injection and the half-life of NK cells is expected to be 7-10 days
as other experiments suggested [1,5,10,13]. Therefore, this indicates that the anti-tumor efficacy of the
NK cell adjuvant therapy might be poor if the retention rate of exogenous NK cells is lower due to poor
indirect transport of NK cells. On the other hand, when the retention capacity of NK cells is higher due
to enhanced technology (longer half-life, T, = 9.6 day), the tumor size is significantly decreased.
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Figure S7. Basic tumor dynamics in the absence of NK cell adjuvant therapy and NK cell depletion.
(A) Time courses of tumor volume for wild type (PBS; square), bortezomib treatment (diamond),
oHSV treatment (filled circle), and bortezomib+oHSV treatment (empty circle). Parameters:
B1=50x10"% By =1.0 x 1073, Ig = 1.1 x 10~ L. (B) Time courses of tumor volume with enhanced
bortezomib sensitivities 8; = 5.0 x 1072, B3 = 5.5 x 107!, Iz = 5.5 x 10~!. The tumor volume was
normalized with respect to the base case (PBS).

Basic dynamics of the OV-bortezomib treatment without NK cell
adjuvant therapy or NK cell depletion

Fig. S7A shows time courses of tumor volume for wild type, bortezomib treatment, oHSV treatment,
and bortezomib+oHSV treatment with basic parameter values of bortezomib injection 31 = 5.0 x 1074,
B2 =1.0x1073, Iz = 1.1 x 10~!. When bortezomib was combined to the oHSV therapy (empty circle),
the tumor size was significantly reduced compared to the wild tumor without therapies (PBS, square),



10

bortezomib alone (diamond), or oHSV alone (filled circle) [11]. The killing rate of a tumor in the presence
of bortezomib may depend on cell lines and tumor microenvironment in experiments. For example, mice
implanted with GBM169 cells and U251T3 glioma cells show slightly different time curves of tumor
growth [11]. But the overall anti-tumor efficacy of bortezomib+oHSV was evident in these cell lines.
Fig. S7B shows the time courses of tumor volume for same cases with enhanced bortezomib levels and
sensitivities: 81 = 5.0 x 1072, B, = 5.5 x 107!, Ig = 5.5 x 10~ !. In this case, the synergetic anti-tumor
effect is even further promoted. These results concur well with experimental data [11] and can be used to
explore the tumor dynamics in response to NK cell adjuvant therapy and NK cell depletion in this study.
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Figure S8. oHSV replication efficacy is reduced in vivo. Nude mice with intracranial patient derived
primary GBM30 intracranial tumor were treated with 2 x 10° pfu of an oHSV expressing luciferase
(oHSV-Luc). A, data shown are quantification of virally expressed luciferase gene activity in GBM30
intracranial tumors treated with oHSV-Luc on the indicated days. Data shown are total flux in each
mouse (n = 4). B, representative luciferase images of oHSV-treated mice at the days indicated (n = 4).

In vivo luciferase imaging

Nude mice with patient derived primary GBM (GBM30) intracranial tumor were injected intratumorally
with 2x10° pfu of rHSVQ1-Luc ten days following tumor cell implantation. Mice were imaged on days 1,2,
and 3 after oHSV therapy. For in vivo mice luciferase imaging, mice were injected with Luciferin solution
(25 mg/ml in PBS, dose of 100 mg/kg, Perkin Elmer, Waltham, MA) by an intraperitoneal injection
and anesthetized. The anesthetized mice were placed on non-fluorescent black paper on the imaging
platform of an IVIS Lumina II to reduce background noise. Bioluminescence from the anesthetized
mice was detected by ZFOV-24 zoom lens-installed IVIS Lumina Series III Pre-clinical In Vivo Imaging
System (Perkin Elmer, Waltham, MA). The luminescence intensity was expressed as Averaged Radiance
[p/s/cm?/sr], then normalized by tumor volume (mm3). See Fig. S8.
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’ Parameter \ Description \ Dimensional value \ Source ‘
Diffusion coefficients/Random motility (mm?/h)
D random motility of cells (x,y,n, K, K') 3.6x107° Estimated
D, random motility of virus (PBS) 3.89x102 8]
Dp diffusion coefficient of bortezomib 2.5%10~2 Estimated
Production/remodeling rates
A proliferation rate of tumor cells 1.8 x 101 1/n [2], Esti-
mated
o carrying capacity of uninfected tumor cells 9.98 x 10° cells/mm? Estimated
B virus infection rate 1.06 X 1071 | 2]
(mm?3 /h virus)
b burst size of infected cells 50 (virus/cell) 2]
aq bortezomib-induced viral replication rate 10 mm3 /g Estimated
A1 endogenous NK cell activation rate 1.1 x 1073 p~1 Estimated
Qs endogenous NK cells activation rate by borte- | 2.0f Estimated
zomib
Ip bortezomib supply rate (1.1- Estimated
5.1)x1071 g/(mm?3.h)
Inhibition/degradation/decay rates
¥ clearance rate of viruses 1.8 x 1073 h~t 2]
) infected cell lysis rate 82x 1072 p~! 2]
w removal rate of dead cells 1.04 x 1071 o1 2]
51 bortezomib-induced apoptosis rate 5.0x107 mm3/(g.h)* Estimated
B2 bortezomib-induced necroptosis rate 1.0x10% mm3/(g.h)* Estimated
Y1 killing rate of uninfected tumor cells by en- | 2.9 x 102 mm3/(g.h)* Estimated
dogenous NK cells
Y2 killing rate of infected tumor cells by endoge- | 2.9 x 10° mm3/(g.h)* | Estimated
nous NK cells (y2 = 10v1)
o killing rate of uninfected tumor cells by exoge- | 6 x 8.7 x 102> mm3/(g.h)* | Estimated
nous NK cells (v =307, 0<0<1)
¥4 killing rate of infected tumor cells by exoge- | 6 x 8.7 x 10> mm3/(g.h)* | Estimated
nous NK cells (v =307, 0<6<1)
41 consumption rate of bortezomib by uninfected | 2.075x1079 p—1* Estimated
tumor cells
2 consumption rate of bortezomib by infected | 2.075x107°9 p—1* Estimated
tumor cells
kg Hill-type parameter 1.0 x 107 g/mm3* (= | Estimated
B*)
“B decay rate of bortezomib 3.47 x 1072 /h [4,6]
K death rate of endogenous NK cells 41x1073 b7t [1,5,10]
LEc death rate of exo NK cells 4.1x1073 pt [1,5,10]

Table S2. Model parameters. Units are indicated in parenthesis (-) in the third column.
f=dimensionless value. ¥1¢ is estimated to be the mass of 109 cells.



