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1 Model description

We propose a model of interactions between the immune system, bacillus Calmette-Guérin (BCG), bladder
and tumor cells during BCG immunotherapy; see the flow diagram depicted in Fig. S1. We extend our
previous work [1] where we described the interactions between the innate immune system, BCG, bladder
and tumor cells during BCG immunotherapy (the diagram of the prior model is included in the gray box in
Fig. S1), appending it using a parsimonious description of the adaptive immune system. Our current model
has 7 state variables (see Table S1). H denotes the number of healthy cells of the bladder tissue. T' denotes
the number of tumor cells and B the number of free BCG bacteria in the bladder. We use primed symbols
(i.e., H and T”) to denote cell populations that are infected by and/or associated with BCG bacteria. We
thus use the symbols H' and T for the number of BCG-associated tissue and tumor cells, respectively. FEj;
and F, denote the number of innate and adaptive effector cells that have extravasated into the bladder,
respectively.
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Figure S1: Flow diagram of the model of interactions between the innate immune system and bladder tumor
during BCG instillation.

The model makes 13 assumptions. We note that Assumptions 1-5 and 8-13 were used in our previous
model describing the interactions between the innate immune system, BCG, bladder and tumor cells during
BCG immunotherapy [1].

Assumption 1: In absence of therapy, the tumor remains largely undetected by the immune system.
The paucity of dendritic cells in the resting bladder mucosa, and the histologic assessment of non-muscle
invasive tumors indicate absence of local inflammation. We exclude immune tolerance and/or the presence
of regulatory immune cells as one of the mechanism that may hamper BCG-induced tumor immunity, but
this may be inferred within other assigned constraints on immune activation.

Assumption 2: During BCG instillations, free BCG associates to tissue and tumor cells (green arrows in
Fig. S1). The therapeutic mixture contains both live BCG capable of actively interacting with cells, and dead
BCG that is internalized by the cell; hence, we refer to BCG as becoming cell-associated. Cells associated with
BCG include cells that have BCG adhered to their plasma membrane, cells that have phagocytosed BCG or
components of dead bacilli, cells that have upregulated stress molecules (e.g., MIC-A) as a result of contact



Table S1: State variables of the model along with their biological description. The state variables represent
counts of various cell types involved in the interactions between the immune system, tumor cells and BCG.

Variable Cell type

H Healthy cells of the bladder tissue

T Tumor cells in the bladder

B Free BCG bacteria in the bladder

H' BCG-associated cells of the bladder tissue
T BCG-associated tumor cells

E; Innate effector cells in the bladder

E, Adaptive effector cells in the bladder

with BCG and cells that have been actively infected by BCG. Experimental data indicates that BCG can
become associated with urothelial cells and transitional cell carcinoma cell lines; it has been demonstrated
in human studies that small quantities of BCG (~1% of instilled dose) persist after voiding [2].

Assumption 8: BCG instillations result in an increased recruitment of innate effector cells into the bladder
tissue (dark red arrows in Fig. S1) [1].

Assumption 4: Innate effector cells engaging with BCG-associated tissue or tumor cells become activated
and degranulate. The degranulation process is the same whether the trigger is a BCG-associated tissue or
tumor cell. This assumption is supported by findings of activated innate cells in urine following intravesical
therapy and experimental work on co-cultures of BCG or BCG-infected cells and innate immune cells [3].

Assumption 5: Degranulation of an innate effector cell results in the death of the effector cell. Further-
more, tissue or tumor cells in the vicinity of the effector cell may be killed (i.e., see the processes displayed
with dark blue arrows in Fig. S1). In the case of neutrophils and inflammatory monocytes, degranulation is
known to result in the release of degradative intracellular proteins (e.g., elastase, heparanase, lipases) having
the capacity to induce bystander cell death. In addition, activated innate cells may secrete effector cytokines
and/or express cell death inducing proteins (e.g., TRAIL). The assumption that NK cells die rapidly after
engagement of their effector mechanisms may results in an underestimation of their killing capacity. How-
ever, according to clinical data, the relative paucity of NKs recruited to the bladder indicate that even with
a high estimate of 10 killing events per NK, their effector function account for <10% of the combined innate
response [3].

Assumption 6: Adaptive effector cells are recruited in the bladder as a direct result of the increased number
of inmate effector cells. However, the initial recruitment is delayed as the adaptive immune system does not
react as fast as the innate immune system. For parsimony of the model, we consider a model of signaling
by the innate immune system that is based simply on the count of innate effector cells in the bladder. This
is meant to embody the activation of migratory dendritic cells that prime adaptive responses, an the local
production of chemokines that directly act by attracting lymphocytes into the bladder mucosa. The delay in
activation of the adaptive immune system is modeled empirically by simply not allowing adaptive effectors
in the bladder sooner than 10 days after the initiation of BCG immunotherapy - the minimal time required
to achieve activation of mycobacterial or tumor antigen-specific responses.

Assumption 7: Adaptive effector cells engage equally well with BCG-associated tissue or tumor cells.
Adaptive effector cell also engage, but less effectively, with BCG-unassociated tumor cells. As a result of
the engagement process, only the target cell is destroyed. For parsimony of the model, we consider only one
population of adapted effector cells that, on average, fulfills the roles of a heterogeneous mix of lymphocytes
that occurs in reality. This assumption reduces considerably the number of parameters needed to describe
the adaptive immune system and makes possible the calibration of the model to clinical data. By offsetting
the potency of engagement of BCG-associated vs. unassociated cells, we may introduce the notion of affinity
for antigen, which is expected to be greater for microbial antigen as compared to tumor antigen [4].

The model runs as follows. Before immunotherapy, only three of seven cell populations are present: H, T



and F;. The interactions between these cell populations are negligible and their corresponding compartments
are disconnected. The processes that take place for each of these independent compartments are “birth” (i.e.,
cell migration and/or local proliferation) and death. During BCG instillations, three new populations of cells
emerge creating dynamic interactions between all the compartments. B associates to tissue and tumor cells
(green arrows in Fig. S1), inducing transitions of cells from H to H’ and from T to T” (horizontal black arrows
in Fig. S1). The presence of H' and T" cells triggers increased migration of effector cells into the bladder
tissue. H' and T cells activate innate immune effectors E;. In turn, E; cells target H and T’ destroying
them and neighboring H and T cells by degranulation. Furthermore, the excess number of E; cells triggers
recruitment of adaptive effector cells F, with a much enhanced killing capacity. Finally, the production of
inflammation induced chemattractants, the activation and the exfoliation of bladder endothelium results in
an ensemble of phenomena that increase the effector cell migration to the bladder. It is known that effector
cell migration increases from the first to the third BCG instillation after which time it starts to plateau [3].

Table S2: Stochastic processes and their corresponding rates.

Process Definition Rate
Tumor proliferation T—T+1 6T
Tumor death T—-T-1 pwrT
Tumor death due to shortage of blood supply T—-T-1 rT(T+T)/K
Tumor death due to degranulation T—-T-1 nkE; T’
Tumor death due to adaptive effectors T—-T-1 AE,T
BCG-infection of tumor cells T —-T-1, pBT
B — B-1,
T —-T +1
Infected tumor death 7 —T -1 pupT’
Infected tumor death due to shortage of blood T'—T'—-1 rT'(T+T")/K
supply
Infected tumor death due to degranulation T —T -1, kE;T
Infected tumor death due to adaptive effectors T7—-T-1 NET
BCG-infection of tissue cells H — H +1, oB
B—B-1
Infected tissue death H — H -1 pgH
Infected tissue death due to degranulation H — H' -1, kE;H'
Infected tissue death due to adaptive effectors H —-H -1 XNE,H'
Neutrophil migration at homeostasis Ei—-FE,+1 x
Increased neutrophil migration due to BCG- E; — E;+1 «)(T"+ H')
infection®
Neutrophil deactivation and loss into the bladder E; — E; —1 ug,E;
lumen
Recruitment of adaptive effectors® E,— E,+1 C(a(t)[Ei(t) —n/ng,)0(t —ta)
Death and loss of adaptive effectors into the blad- E, - E,—1 pug,E,
der lumen

?See text for the definition of the function «(t).
9(:) : R — R is the Heaviside step function defined as follows: 6(x) = 0 if z < 0 and 6(z) = 1, otherwise.



2 Stochastic mathematical model

Since we are particularly interested in the phenomenon of tumor elimination, we develop a stochastic math-
ematical model (i.e., continuous-time Markov chain) where the cell counts are described by integers and
thus can go extinct. We make further assumptions to express the rates of the stochastic model of BCG
immunotherapy in a parsimonious way.

Table S3: Parameters of the model.

Parameter® Symbol Value/Range
Tumor proliferation rate parameter® 16} 0.11 day 1
Tumor death rate parameter? wr 0.067 day~*
Tumor carrying capacity K 10! cells
Number of cells destroyed per degranulation n+1 2
Predation coefficient of innate effector cells K 10712 /cell/day
Predation coeflicient of adapted effectors on uninfected tumor cells® A 3.36 x 1077 /cell/day
Delay in the activation of the adaptive immune responses ta 10 days
Predation coefficient of adapted effectors on infected cells N 107%/cell /day
BCG infectiousness of tumor cells p 2 x 1079 /cell/day
Natural death rate of BCG-associated tumor cells I 1/3 day~—!
BCG rate of association to tissue cells o 0.1 day~!
Natural death rate of BCG-associated tissue cells 1524 0.2 day—!
Inflow of effector cells in the bladder tissue? ™ 345 000 cells/day
Loss parameter of innate effector cells WE, 0.345 day—*
Maximum recruitment rate of effectors due to BCG oy 200 day !
Minimum recruitment rate of effectors due to BCG* ag/(1+ e*2) 0.49 day !
Scale of C(t) for vascularization increase Qs 10 cells
Healing time of the bladder wall T 33.3 days
Recruitment parameter of adaptive effectors ¢ 107°
Loss parameter of adaptive effector cells LE, 0.8 day—!

%See Secs. 3 and 4 for how the parameter values were established and further references.

bThe parameters 8 and pr are used to estimate the tumor growth rate r = 8 — pp.

°Chosen such that the probability of tumor elimination of the six weekly instillation schedule is ~50%.
dChosen such that the steady population of effectors in the bladder amounts to 10° cells.

an = 6.

Assumption 8: We assume that tumor undergoes logistic growth. Modeling the population dynamics of
BCG-free tumor cells, we assume that the tumor grows into the bladder lumen and does not impinge upon
surrounding tissue. As such, its size is limited only by the blood supply. We choose the logistic model (i.e.,
the Verhulst model) to describe the dynamics of the tumor cell population in absence of BCG therapy [5,6].
Notably, our model will be applied to the description of post-resection BCG immunotherapy where the
number of tumor cells is significantly less than the carrying capacity (i.e., the maximum number of tumor
cells that the blood supply can sustain). Consequently, the logistic model will be used in the regime of
exponential growth. Therefore, the results presented in this paper are not restricted by our choice of the
logistic model and apply to all models of tumor cell replication in their regime of exponential growth.

Assumption 9: We do not use explicit equations to model the dynamics of the healthy tissue cell population.
Rather, we consider that this population is very large when compared with the other cell populations of interest.
This assumption is based on clinical information that BCG therapy does not result in the perforation of the
bladder wall nor frank disruption of bladder function.

Assumption 10: We use mass-action to describe the mixing between the cell populations. This is supported
by BCG dispersion during intravesical therapy, adequate vascularization of all aspects of the bladder wall
and non-specific migration patterns of innate immune cells as they enter inflamed tissue.



Assumption 11: The number of BCG bacteria that die during instillation (i.e., 2 hours) is negligible. The
kinetics of the natural death of BCG is slow and the host response is minimal within the first hours of BCG
instillation. Thus, for modeling purposes, we neglect BCG death during the course of instillation therapy.

Assumption 12: BCG-associated cells do not undergo local proliferation. This is supported by experi-
mental data suggesting that BCG negatively impacts the cell growth of bladder tumor cell lines [7].

Assumption 13: The migration of innate effector cells increases due to vascularization of the bladder wall.
This increase is proportional to the number of BCG-associated cells present in the bladder. Furthermore, the
cumulative number of cells destroyed by degranulation stimulates neo-vascularization in a sigmoidal fashion.
This is counteracted by homeostatic pressure (i.e., healing of the bladder wall) which is modeled as a discount
factor of the cumulative number of cells destroyed by degranulation. This assumption is supported by the
observation that migration of effector cells is linked to the vascularization of the bladder wall, which evolves
as a function of inflammation induced cell death [3,8]. As such, the increase in the inflow of immune cells
depends on the number of BCG-associated cells present in the bladder, which are triggers for activation and
effector activity of innate immune cells.

We now define transition rates for each of the processes depicted in the flow diagram (Fig. S1); see Table
S2. The parameters of the model are explained in Table S3. The processes of vascularization and healing
are modeled by a sigmoidal function a(t) given by

a(t)

1t explas — C(t)/ag]’

(2.1)
where C(t) represents the number of destroyed cells discounted by a negative exponential “healing” factor
t
C(t) = / du(n + D){&E;(w)[T"(u) + H' (u)] + AE, (u)T () + N Eq (u)[T"(u) + H' (u)]}e /7. (2.2)
0

This completes the definition of our continuous-time Markov chain model. Various algorithms may be used
for the numerical integration of this stochastic model. We used the so-called efficient tau-leaping method [9]
to speed up the computations.

3 Model parameters and simulations

We carried out simulations in order to establish values for the parameters of our model. First, we investigated
tumor growth in absence of BCG therapy. Figure S2 shows a simulation with initial conditions: T'(0) = 1,
T;(0) = 0, H;(0) = 0, E;(0) = 10% and E,(0) = 0. The simulation includes resection of tumor from the
carrying capacity of ~ 10! cells [10] to ~ 10 cells (e.g., in case of carcinoma in situ). The proliferation (3,
death pr and growth r = § — pr rate parameters are tuned according to our previous work [1] such that
the re-growth of the tumor to a visible size (i.e., ~ 108 cells) takes about three months [11].

Figure S3 shows a simulation of the dynamics of cell populations during BCG therapy. The initial
conditions are: T(0) = 106, T3(0) = 0, H;(0) = 0, E;(0) = 10° and E,(0) = 0. The BCG amount was chosen
as follows. Commercial vials of lyophilized BCG used for immunotherapy contain ~ 108 live bacteria (or
colony forming units — CFU), representing 5-10% of the total number of bacteria in the preparation [12].
During BCG instillations, live BCG is capable of actively interacting with cells while dead BCG may be
internalized by cells. To take into account all these interactions, we assumed that, for each instillation, B
starts at 10% bacteria (of which only 10® is considered live BCG) but then it is set to zero at the end of
the instillation. The parameters p and o quantifying the interactions between BCG and tumor and tissue
cells, respectively, were chosen such that, at the end of an instillation: (i) ~ 1% of the tumor cells are BCG
associated [1], and (ii) ~ 99% of the free BCG is flushed [2,13]. Panel A of Fig. S3 shows the percent of
free BCG that is present in the bladder during the instillations. Note that ~ 99% of the free BCG is flushed
after each instillation, according to data.

The parameters of innate effector cells are chosen as follows. Innate effector cells are lost primarily due to
deactivation, death and fallout into urine. Kinetics data show that the expected lifetime of innate effectors
is ~ 8 hours [3,14]; hence, we arrived at the pp, estimate given in Table S3. Based on the typical density
of innate effectors in the blood (see Ref. [15], Table 22-1), we estimated that, in absence of immunotherapy,
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Figure S2: Simulation of logistic tumor growth, resection and tumor re-growth. The horizontal dashed line
represents the approximate size of the tumor when the tumor is visible on the bladder wall.

the steady population of innate effectors in the bladder amounts to ~ 10° cells. Combining this with ug,,
we obtained the inflow of effector cells in the bladder tissue in the range of ~ 345 000 cells/day. See also
Ref. [1] for these parameter values. The expected number of cells destroyed per degranulation (n + 1) was
also obtained from Ref. [1].

Data on the prime/boost effect provides two major references to determine parameter values. First, the
prime/boost effect occurs at the third BCG instillation [3]. Second, data provides E, and E; counts before
and after the prime/boost effect [3]. Imposing these conditions on the output of our model, we obtained the
parameters ag 2 3, the E, recruitment parameter ¢, and the predation coeflicient of innate effector cells x.

The healing time of the bladder wall 7 was determined based on the fact that most lesions inside the
bladder are completely restored at cystoscopy three months after transurethral resection of the bladder wall.
Hence, the sigmoid «(t) describing vascularization and healing of the bladder wall was fully parameterized.
Together with the value of ¢, [3], the delay in the activation of the adaptive immune responses, a(t) was
used to modulate recruitment of F, and E;.

It is also important to note that the number of tumor cells left after resection is small. Hence, it is
natural to assume that the prime/boost effect would occur essentially the same whether or not there are
tumor cells left in the bladder; i.e., whether T'(0) = 0 or ~ 10 cells. This constraint was used to determine
the predation coefficient of adapted effectors on BCG-associated cells, \'.

Simulation results on the modeled prime/boost effect are reported in Fig. S3. The dynamics of the
tumor cells (panel B) is marked by slight increase due to local proliferation before the prime/boost of the
immune response followed by steep decrease due to the next BCG instillations. Panels C and D represent
the dynamics of the population of BCG-associated tumor cells and BCG-associated tissue cells, respectively.
The population of BCG-associated tumor cells is fairly small and undergoes extinction in between the BCG
instillations. Panel E shows the dynamics of the population of innate effector cells. Note the significant
growth in the number of effector cells after the third instillation, corresponding to the prime/boost effect.
Panel F shows the dynamics of the population of effector cells of the adapted immune system that is also
modulated by the prime/boost effect. Furthermore, the effector cells of the adapted immune system arrive
late in the bladder compared to those of the innate immune system.

The parameters describing the natural death rate of BCG-associated tumor cells u7s and that of BCG-
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Figure S3: Simulation of population dynamics of cells during and after a six-week course of intravesical BCG
therapy: BCG (panel A), tumor cells (panel B), BCG-associated tumor cells (panel C), BCG-associated
tissue cells (panel D), innate effector cells (panel E), adaptive effector cells (panel F). Note the modeling of
the prime/boost response of the innate and adapted immune systems which occurs after the third instillation
(in particular, note panels E and F).

associated tissue cells up were taken from Ref. [1] and are in agreement with data [16]. The parameter
describing the loss of adaptive effector cells g, was considered to be 0.8 day~! [3]. However, this parameter



value is difficult to select given the diversity of adapted effector cells that we gathered in the E, population.
Hence, in Sec. 4 we discuss sensitivity analyses of our results versus this parameter. Lastly, the average
predation coefficient of adapted effectors on uninfected tumor cells A was obtained by calibration of our
model to clinical data; see Sec. 4.

4 Model calibration and parameter uncertainties

The key parameter for tumor elimination is the predation coefficient of adapted effectors on uninfected tumor
cells, A. It is calibrated such that the probability of tumor elimination of the six weekly-instillation schedule
is ~ 50% where the initial conditions (at time two weeks post-surgical resection, taken as the minimum time
delay for initiation of BCG therapy), were chosen as follows T'(0) = 108, T;(0) = 0, H;(0) = 0, E;(0) = 10°
and E, = 0.

e

c

9

g

g 0.8

()

<]

2 0.6

2

5 0.4

2

T_S“ 0.2

g 1A B c

s O

e 1 2 3 4 5 1 2 3 4 5 0 2 4 6 8
inter—instillation time (weeks) inter—instillation time (weeks) time post resection (weeks)

Figure S4: Sensitivity analyses for Figs. 2A and 3 of the main text. A. Sensitivity analysis of Fig. 3 with
changing the rate of loss of adapted effectors, pg,. The blue, black (also shown in Fig. 3) and red curves
correspond to up, = 0.4, 0.8 and 1.6 day~?!, respectively. For every parameter set, the model has been
re-calibrated such that six weekly instillation of BCG therapy yield ~ 50% chance of cure. B. Sensitivity
analysis of Fig. 3 with varying the number of tumor cells found in the bladder before initiating BCG therapy,
T(0). The black (also shown in Fig. 3), blue, magenta and red curves correspond to 7'(0) = 10°, 10°, 10*
and 10% tumor cells. The model has been re-calibrated for each value of T(0), accordingly. These numerics
suggest that our prediction that a two-week inter-instillation interval would significantly improve therapeutic
outcome is robust. C. Sensitivity analysis of Fig. 2A with changing the number of tumor cells before initiating
BCG therapy, T(0). The black (also shown in Fig. 2A) and red curves correspond to T/(0) = 10% and 103
tumor cells.

We performed calibration of the model for other sets of parameters than that given in Table S3. For
example, changing the loss parameter pg, from 0.8 day~! to 1.6 day ! and 0.4 day~!, we obtained \
approximately equal to 5.52 x 10~7/cell/day and 2.17 x 10~7/cell/day, respectively. We used these parameter
sets to run further simulations of BCG regimens with varying the inter-instillation interval. The results are
presented in Fig. S4A. We found that the success of BCG immunotherapy is sensitive to the rate of loss
of effectors of the adaptive immune system from the bladder. However, our prediction that a two-week
inter-instillation interval would significantly improve therapeutic outcome (as compared to a one-week inter-
instillation interval) remains valid with changes in the loss rate.

We performed calibration for other sets of initial conditions that differ in 7°(0), the number of tumor
cells found in the bladder before BCG therapy, while keeping all the other parameters as given by Table
S3. For T(0) equals 103, 10* and 10° cells, we obtained A approximately equal to 1.80 x 10~ /cell/day,
2.35 x 1077 /cell/day and 2.86 x 107 /cell/day, respectively. We then ran simulations of BCG regimens
with varying the inter-instillation interval (Fig. S4B) for these different sets of initial conditions. Simulation
results show similar patterns in all these scenarios. Although the probability of cure is sensitive to the



number of tumor cells before immunotherapy, the prediction that a two-week inter-instillation interval would
significantly improve therapeutic outcome is robust.

We further used the above parameter sets to investigate how the probability of tumor extinction changes
with the duration of time between resection and initiation of therapy (Fig. S4C). In this case, we found that
therapeutic success as a function of the time interval between resection and BCG immunotherapy is not very
sensitive with changing the number of tumor cells left in the bladder after resection.
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