
Supplementary Materials

S1 Model Variables and Equations

Supplementary Table S1.1: Model variables and their dimensions.

Species Name Units

N Androgen-sensitive prostate cancer cells millions of cells

M Castration-resistant prostate cancer cells millions of cells

Da Apoptotic cancer cells millions of cells

Dn Necrotic cancer cells millions of cells

Ai Immature dendritic cells in the tumor millions of cells

Aa Activated antigen presenting cells in the tumor millions of cells

Am Mature antigen presenting cells in the tumor millions of cells

T4a Activated CD4+ T helper cells in the tumor millions of cells

T8a Cytotoxic CD8+ T cells in the tumor millions of cells

Tra Activated regulatory T cells in the tumor millions of cells

CTGF Amount of TGF-β in the tumor ng

CIL2 Amount of IL-2 in the tumor ng

[CTGF] Concentration of TGF-β in the tumor ng/ml

[CIL2] Concentration of IL-2 in the tumor ng/ml

vtum Tumor volume mm3

rtum Tumor radius mm

F Find-me chemokine concentration in circulation arbitrary units

Acm Mature antigen presenting cells in circulation post-
vaccine injection

millions of cells

Alm Mature antigen presenting cells in lymphoid compart-
ment

millions of cells

T4ln Näıve CD4+ T helper cells in lymphoid compartment millions of cells

T4la Activated CD4+ T helper cells in lymphoid compartment millions of cells

T8ln Näıve CD8+ T cells in lymphoid compartment millions of cells

T8la Activated CD8+ T cells in lymphoid compartment millions of cells

Trlr Resting regulatory T cells lymphoid compartment millions of cells

Trla Activated regulatory T cells lymphoid compartment millions of cells

C lTGF Amount of TGF-β in lymphoid compartment ng

C lIL2 Amount of IL-2 in lymphoid compartment ng

[C lTGF] Concentration of TGF-β in lymphoid compartment ng

[C lIL2] Concentration of IL-2 in lymphoid compartment ng

S1.1 Model equations

Tumor compartment equations

Androgen sensitive cancer cells – N : Prior to treatment (εN = 1), N cells proliferate at a rate αN
and undergo apoptotic and necrotic cell death at rates δaN and δnN , respectively. Under ADT, N cells cease
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Supplementary Table S1.2: Abbreviations.

Abbreviation Name

ADT Androgen deprivation therapy

APC Antigen presenting cell

CTL Cytotoxic CD8+ T lymphocyte

DC Dendritic cell

PCa . Prostate cancer

Th cell CD4+ T helper cell

Treg CD4+ CD25+ Foxp3+ regulatory T cell

to proliferate (εN = 0) and undergo additional ADT-dependent cell death at a rate δadt
N . Further, these

cells also undergo activated CTL-mediated death that occurs at maximum rate δI , but is down-regulated
in the presence of TGF-β [1]. The functional form of CTL-mediated tumor cell death rate is similar
to that used by [2]. To account for fact that the speed of CTL infiltration deceases as tumor volume
increases [3], the maximum rate of CTL-induced apoptosis is taken to be a decreasing function of rtum,
the radius of the tumor. In the last term of equation (S1.1), Kr and KI

TGF are half-saturation constants,
and KI is the CTL to target cell ratio at which rate of cell kill is half its maximum value.

dN

dt
= εNαN N︸ ︷︷ ︸

ADT-
dependent

proliferation

− δaN N︸ ︷︷ ︸
apoptotic

death

− δnN N︸ ︷︷ ︸
necrotic
death

− δadt
N N︸ ︷︷ ︸
ADT-

induced
death

−
δI

Kr+rtum

1 + [CTGF]

KI
TGF

T8aN

T8a +KI(N +M +Aa +Am)︸ ︷︷ ︸
CTL- and TGF-β-mediated death

.

(S1.1)

Castration resistant cancer cells – M : Prior to treatment (εM = 1), M cells proliferate at a rate
αM and undergo apoptotic and necrotic cell death at rates δaM and δnM , respectively. ADT reduces the
proliferation rate by a fraction, 0 ≤ εM ≤ 1 and may induce limited additional ADT-dependent cell death
at a rate δadt

M . In equation (S1.2), we expect δadt
M � δadt

N . As in the case of N cells, M cells also undergo
CTL-mediated death, that is down-regulated in the presence of TGF-β, and is a function of tumor radius.
Both N and M cells are assumed to have identical sensitivity to CTLs.

dM

dt
= εMαM M︸ ︷︷ ︸

ADT-
dependent

proliferation

− δaM M︸ ︷︷ ︸
apoptotic

death

− δnM M︸ ︷︷ ︸
necrotic
death

− δadt
M M︸ ︷︷ ︸
ADT-

induced
death

−
δI

Kr+rtum

1 + [CTGF]

KI
TGF

T8aM

T8a +KI(N +M +Aa +Am)︸ ︷︷ ︸
CTL- and TGF-β-mediated death

.

(S1.2)

Apoptotic and necrotic cancer cells – Da and Dn: When cancer cells die, they move into the
apoptotic or necrotic dead cell compartment, depending on the cause of death. Although ADT primarily
induces apoptosis in cancer cells, a small amount of necrosis may still occur [4]. Therefore, a fraction
0 < εadt < 1 of the ADT-mediated deaths are assumed to be necrotic, and 0 < (1− εadt) < 1, apoptotic.
CTL-mediated death is assumed to result in cells entering the apoptotic dead cell compartment. Dead
cells are primarily cleared by macrophages [5]. For simplicity, we do not explicitly model macrophages;
rather, dead cells are assumed to undergo clearance at a rate proportional to their own number, with
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constant of proportionality, δD. In fact, Maree et al. [6] have shown this to be the case when the number
of macrophages is constant. Finally, both apoptotic and necrotic dead cells are also phagocytosed by
immature DCs [5] at a rate that is an increasing and saturating function of the total number dead cells,
and is also proportional to the number of immature DCs, Ai . This phagocytosis term, together with
associated parameters, is explained in further detail in section S1.2.

dDa

dt
= δaN N + δaM M︸ ︷︷ ︸

apoptotic
death

+ (1− εadt)(δ
adt
N N + δadt

M M)︸ ︷︷ ︸
ADT-mediated apoptosis

− λD
AiDa

KDvtum +Da +Dn︸ ︷︷ ︸
uptake by immature DCs

− δDDa︸ ︷︷ ︸
Clearance

+

δI
Kr+rtum

1 + [CTGF]

KI
TGF

T8a (N + M)

T8a +KI(N +M +Aa +Am)︸ ︷︷ ︸
CTL- and TGF-β-mediated death

, (S1.3)

dDn

dt
= δnN N + δnM M︸ ︷︷ ︸

necrotic
death

+ εadt(δ
adt
N N + δadt

M M)︸ ︷︷ ︸
ADT-mediated necrosis

− δDDn︸ ︷︷ ︸
Clearance

− λD
AiDn

KDvtum +Da +Dn︸ ︷︷ ︸
uptake by immature DCs

. (S1.4)

Immature DCs – Ai: As a part of innate immunity, immature DCs constantly survey host tissue, and
are assumed to localize at the tumor site at a rate that is proportional to the volume of the tumor, vtum,
with constant of proportionality sAi . This ensures that as the tumor increases in size, the number of
DCs per unit volume of the tumor remains constant, assuming no conversion to a mature or an antigen
presenting state. The recruitment of DCs to the tumor is up-regulated in the presence of find-me signals,
F , released by dying tumor cells [5], with constant of proportionality s′Ai . DCs also undergo natural
death at a rate δAi . When DCs phagocytose apoptotic dead tumor cells, they remain untransformed;
however, when they phagocytose necrotic dead tumor cells, DCs transform into APCs [7]. Therefore, the
rate of DC-to-APC transformation depends on the rate of necrotic cell phagocytosis, while the immature
DC is recovered after phagocytosis of apoptotic cells. The last term in equation (S1.5), which describes
immature DC activation by necrotic tumor cells, is explained in further detail in section S1.2.

dAi
dt

= sAivtum + s′AiF︸ ︷︷ ︸
find-me signal-

mediated DC source

− δAi Ai︸ ︷︷ ︸
natural
death

− λD
AiDn

KDvtum +Dn +Da︸ ︷︷ ︸
activation by phagocytosis of

necrotic tumor cells

. (S1.5)

Activated and mature antigen presenting cells – Aa and Am: DCs transform into activated DCs
or APCs when they phagocytose necrotic dead cells as described above. These APCs undergo further
maturation within the tumor, and transform to a phenotype marked by the up-regulation of co-stimulatory
molecules such as CD80/CD86 and expression of various cytokines necessary for the activation of effector
T cells [8]. The rate of APC maturation is taken to have a maximum value of γAa , and is down-regulated
in the presence of Tregs, via direct cell-to-cell contact [9]. Both activated and mature APCs undergo
natural death at rates δAa and δAm , respectively. Additional cell death follows recognition of cognate
antigens on both cell types by activated CTLs, in a process modulated by TGF-β. Mature APCs migrate
to lymphoid organs [10] at an assumed constant per capita rate, µAm . In the last term of equation (S1.6),
[Tra] = Tra/(Aa + T4a + T8a) is the ratio of Tregs to the other immune cells with which they interact
via direct cell-to-cell contact.
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dAa
dt

= λD
AiDn

KDvtum +Dn +Da︸ ︷︷ ︸
Activation of DCs

− δAa Aa︸ ︷︷ ︸
natural
death

−
δI

Kr+rtum

1 + [CTGF]

KI
TGF

T8aAa
T8a +KI(N +M +Aa +Am)︸ ︷︷ ︸

CTL- and TGF-β-mediated death

− γAa

1 + [Tra]
Kγ
Tr

Aa︸ ︷︷ ︸
Treg-modulated

maturation

, (S1.6)

dAm
dt

=
γAa

1 + [Tra]
Kγ
Tr

Aa︸ ︷︷ ︸
Treg-modulated

maturation

− δAm Am︸ ︷︷ ︸
natural
death

−
δI

Kr+rtum

1 + [CTGF]

KI
TGF

T8aAm
T8a +KI(N +M +Aa +Am)︸ ︷︷ ︸

CTL- and TGF-β-mediated death

− µAm Am︸ ︷︷ ︸
migration to

lymphoid organs

. (S1.7)

CD4+ helper T cells – T4a: Th cells are crucial for achieving an effective and regulated immune
response. Th cells migrate to the tumor site at a rate µT4 post-activation in the lymphoid organs [10, 11]
and proliferate in the presence of IL-2 [12] at a rate that is taken to be an increasing and saturating
function of the concentration of IL-2 in the tumor, with a maximum value of αL4, and half-saturation
constant KL. This rate of Th cell proliferation decreases due to down-regulation by TGF-β [1]. Here,
KL

TGF is a half-saturation constant. Natural death of activated Th cells occurs at a minimum rate of
δ′T4 that increases in the presence of activated Tregs in a contact-dependent manner [13]. This rate
of Treg-mediated Th cell death is taken to have a maximum value of δ′′T4, and is an increasing and
saturating function of [Tra], the ratio of Tregs to the other immune cells with which they interact,
with half-saturation constant Kδ

Tr. Finally, TGF-β has been shown to induce the conversion of normal
and activated CD4+ T cells into Tregs [14, 15, 16] within the tumor microenvironment [14]. Therefore,
following [2], we include the last term in equation (S1.8) that captures the conversion of activated Th
cells to Tregs. This rate of conversion is taken to be an increasing and saturating function of TGF-β with
a maximum value of γTr , with half-saturation constant KTr

TGF.

dT4a
dt

= µT4 T4la︸ ︷︷ ︸
migration from

lymphoid
organs

+
αL4

1 + [CTGF]

KL
TGF

[CIL2]

KL + [CIL2]
T4a

︸ ︷︷ ︸
TGF-β- and IL-2 mediated

proliferation

−
(
δ′T4 + δ′′T4

[Tra]

Kδ
Tr + [Tra]

)
T4a︸ ︷︷ ︸

Treg-mediated cell death

− γTr
[CTGF]

KTr
TGF + [CTGF]

T4a︸ ︷︷ ︸
TGF-β-mediated

conversion to Tregs

. (S1.8)

CD8+ cytotoxic T lymphocytes – T8a: In our model, activated CTLs are terminally differentiated
effector T cells with cytotoxic activity. Like Th cells, activated CTLs are recruited to the tumor site
at rate µT8 post-activation in the lymphoid organs [10, 11] and proliferate in the presence of IL-2 [12],
at a maximum rate αL8 that is down-regulated in the presence of TGF-β [1], as in the case of Th cells
above. Natural death of activated CTLs occurs at a minimum rate of δ′T8 that increases in the presence of
regulatory T cells in a contact-dependent manner [13]. As in equation (S1.8), this rate of Treg-mediated

4



CTL death is taken to have a maximum value of δ′′T8, and is an increasing and saturating function of
[Tra].

dT8a
dt

= µT8 T8la︸ ︷︷ ︸
migration from

lymphoid
organs

+
αL8

1 + [CTGF]

KL
TGF

[CIL2]

KL + [CIL2]
T8a

︸ ︷︷ ︸
TGF-β- and IL-2 mediated

proliferation

−
(
δ′T8 + δ′′T8

[Tra]

Kδ
Tr + [Tra]

)
T8a︸ ︷︷ ︸

Treg-mediated cell death

. (S1.9)

CD4+ CD25+ Foxp3+ regulatory T cells – Tra: There is evidence that an increase in Treg numbers
in cancer patients is a consequence of both, the recruitment of thymus-derived Tregs [17], and the de
novo generation of peripheral Tregs from CD4+ T cells under TGF-β signaling [17, 18]. Here, we do not
distinguish between these subtypes. Activated Tregs are recruited to the tumor site at rate µTr post-
activation in the lymphoid organs and may also be generated from activated Th cells already present at
the tumor site, in the presence of TGF-β, as described above. The last two terms in equation (S1.10)
describe IL-2-dependent Treg proliferation [12] that occurs with a maximum rate of αLr and activated
Treg death, which is taken to occur at a rate δ′Tr.

dTra
dt

= µTr Tr
l
a︸ ︷︷ ︸

migration from
lymphoid

organs

+ γTr
[CTGF]

KTr
TGF + [CTGF]

T4a︸ ︷︷ ︸
TGF-β-mediated

conversion of CD4+ Th cells

+ αLr
[CIL2]

KL + [CIL2]
Tra︸ ︷︷ ︸

IL-2 mediated
proliferation

− δ′Tr Tra︸ ︷︷ ︸
cell

death

. (S1.10)

TGF-β chemokine – CTGF and [CTGF ]: Activated Tregs, macrophages, and tumor cells all secrete
TGF-β [19]. However, since we do not explicitly include macrophages in our model, we assume that their
number – and hence, macrophage-dependent TGF-β production – is proportional to the total number of
dead cells. The TGF-β secretion rates for all three cell types are αTrT , αDT , and αCT , respectively. Finally,
TGF-β is assumed to undergo natural decay at constant rate δT . The concentration [CTGF ] is given by
dividing CTGF by the volume of the tumor in ml.

dCTGF

dt
= αTrT Tra︸ ︷︷ ︸

source from
Treg cells

+ αDT (Da +Dn)︸ ︷︷ ︸
source from
macrophages

+ αCT (N +M)︸ ︷︷ ︸
source from
tumor cells

− δT CTGF︸ ︷︷ ︸
natural
decay

, (S1.11)

[CTGF] =
CTGF

vtum × 10−3
. (S1.12)

IL-2 chemokine – CIL2 and [CIL2]: Activated Th cells secrete the IL-2 cytokine [12] at a maximum
rate αT4, which is down-regulated in the presence of TGF-β [1], with half-saturation constant KT4

TGF.
Further, IL-2 is assumed to undergo natural decay at constant rate δL. The concentration [CIL2] is given
by dividing CIL2 by the volume of the tumor in ml.

dCIL2

dt
=

αT4

1 + [CTGF]

KT4
TGF

T4a

︸ ︷︷ ︸
TGF-β -mediated

production by Th cells

− δLCIL2︸ ︷︷ ︸
natural
decay

, [CIL2] =
CIL2

vtum × 10−3
. (S1.13)
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Tumor volume and radius – vtum and rtum: The tumor volume is computed by multiplying the
volume vx of each cell type by its number x within the tumor, and adding. To compute its radius, we
assume that the tumor is roughly spherical in shape.

vtum =
∑

cell type

vx x, rtum =

(
3 vtum

4π

)1/3

. (S1.14)

Circulation compartment equations

Find-me chemokines – F : Dying tumor cells release a number of chemotactic factors such as LysoPC
and S1P – collectively referred to as find-me signals – that recruit DCs to the tumor site [10]. In our
model, both apoptotic and necrotic cells are assumed to produce these signals at the same rate αF . These
chemokines are further assumed to extravasate into circulation instantaneously upon release. Find-me
chemokines undergo clearance from circulation at constant rate δF . Here, Vd is the assumed volume of
distribution of these chemokines in circulation.

dF

dt
=

αF (Da +Dn)

Vd︸ ︷︷ ︸
source from
dead cells

− δF F︸︷︷︸
natural
decay

. (S1.15)

Mature antigen presenting cells – Acm: DC vaccination comprises the injection of mature APCs into
circulation, from where they may undergo clearance or accumulate in highly vascularized organs such as
the spleen [20].

dAcm
dt

= f(t)︸︷︷︸
source from
vaccination

− µAcm A
c
m︸ ︷︷ ︸

migration to
lymphoid compartment

− λAcmA
c
m︸ ︷︷ ︸

clearance and transfer
to other compartments

(S1.16)

Lymphoid compartment equations

Mature antigen presenting cells – Alm: Mature APCs migrate from the tumor at rate µAm to the
lymphoid organs where they can undergo natural death at a rate δAm . We assume that there is no further
migration of APCs out of lymphoid tissue given that most migrating DCs die after their arrival here [10].
As in equation (S1.7), activated CTLs recognize cognate antigens on mature APCs, and effect cell death
that is modulated by TGF-β.

dAlm
dt

= µAcm A
c
m︸ ︷︷ ︸

migration from
circulation

+ µAm Am︸ ︷︷ ︸
migration from

tumor

− δAm A
l
m︸ ︷︷ ︸

natural
death

−
δ′I

1 +
[ClTGF]

KI
TGF

T8laA
l
m

T8la +KIAlm︸ ︷︷ ︸
CTL- and TGF-β-mediated death

. (S1.17)

Näıve CD4+ T helper cells – T4ln: Näıve Th cells localize to the lymphoid tissue at an assumed
constant rate sT4, and undergo natural death at a rate δT4. They undergo activation by mature APCs
at a rate that is assumed to be proportional to the product of the number of Th cells and APCs and
has a maximum value of λT4. Specifically, when a näıve Th cell comes in contact with a mature APC
that presents the correct antigen for its cell surface receptors, the Th cell will become activated [10]. The
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formulation of this activation term, together with a description of any associated parameters, is provided
in section S1.3.

dT4ln
dt

= sT4︸︷︷︸
source from

thymus

− δT4 T4ln︸ ︷︷ ︸
natural
death

− λT4
Alm T4ln

KT vspl +Alm + T4ln + T8ln + Trln︸ ︷︷ ︸
activation of Th cells

. (S1.18)

Activated CD4+ T helper cells – T4la: Näıve Th cells are transformed into activated Th cells when
they come in contact with APCs as described above. As in the tumor compartment (see equation (S1.8)),
activated Th cells in the lymphoid compartment proliferate in the presence of IL-2, undergo Treg-mediated
cell death and TGF-β-mediated conversion to a regulatory phenotype, and will migrate from the lymphoid
organs back to the tumor [10, 11] at an assumed constant per capita rate, µT4. In the third term of
equation (S1.19), [Trla] = Trla/(T4la + T8la) is the ratio of Tregs to the other immune cells with which
they interact via direct cell-to-cell contact.

dT4la
dt

= λT4
Alm T4ln

KT vspl +Alm + T4ln + T8ln + Trln︸ ︷︷ ︸
activation of Th cells

+
αL4

1 +
[ClTGF]

KL
TGF

[C lIL2]

KL + [C lIL2]
T4la

︸ ︷︷ ︸
TGF-β- and IL-2 mediated

proliferation

−
(
δ′T4 + δ′′T4

[Trla]

Kδ
Tr + [Trla]

)
T4la︸ ︷︷ ︸

Treg-mediated cell death

− γTr
[C lTGF]

KTr
TGF + [C lTGF]

T4la︸ ︷︷ ︸
TGF-β-mediated

conversion to Treg cells

− µT4 T4la︸ ︷︷ ︸
migration
to tumor

. (S1.19)

Näıve CD8+ cytotoxic T cells – T8ln: Näıve CD8+ T cells localize in lymphoid tissue at an assumed
constant rate sT8, where they undergo natural death at a rate δT8. Further, when a näıve CD8+ T cell
comes in contact with a mature APC that presents the correct antigen for its cell surface receptors, the
CD8+ T cell will become an activated CTL [10]. The formulation of this activation term, together with
a description of any associated parameters, is further explained in section S1.3.

dT8ln
dt

= sT8︸︷︷︸
source from

thymus

− δT8 T8ln︸ ︷︷ ︸
natural
death

− λT8
Alm T8ln

KT vspl +Alm + T4ln + T8ln + Trln︸ ︷︷ ︸
activation of CTLs

. (S1.20)

Activated CD8+ cytotoxic T cells – T8la: Näıve CD8+ T cells are transformed into activated CTLs
when they come in contact with APCs. As in the tumor compartment (see equation (S1.9)), activated
CTLs in the lymphoid compartment proliferate in the presence of IL-2, undergo Treg-mediated cell death
and will migrate from the lymphoid compartment back to the tumor [10, 11] at an assumed constant per
capita rate, µT8.

dT8la
dt

= λT8
Alm T8ln

KT vspl +Alm + T4ln + T8ln + Trln︸ ︷︷ ︸
activation of CTLs

+
αL8

1 +
[ClTGF]

KL
TGF

[C lIL2]

KL + [C lIL2]
T8la

︸ ︷︷ ︸
TGF-β- and IL-2 mediated

proliferation
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−
(
δ′T8 + δ′′T8

[Trla]

Kδ
Tr + [Trla]

)
T8la︸ ︷︷ ︸

Treg-mediated cell death

− µT8 T8la︸ ︷︷ ︸
migration
to tumor

. (S1.21)

Resting CD4+ CD25− Foxp3− regulatory T cells – Trlr: Resting Tregs localize in lymphoid tissue
from the thymus at an assumed constant rate sTr, and they undergo natural death at a rate δTr. Like
näıve CD8+ or CD4+ T cells, resting Tregs undergo activation by mature APCs following T cell receptor
(TCR) stimulation [21, 22, 23]. The formulation of this activation term is further explained in section S1.3.

dTrlr
dt

= sTr︸︷︷︸
source from

thymus

− δTr Tr
l
r︸ ︷︷ ︸

natural
death

− λTr
Alm Tr

l
r

KT vspl +Alm + T4ln + T8ln + Trln︸ ︷︷ ︸
activation of Treg cells

. (S1.22)

CD4+ CD25+ Foxp3+ regulatory T cells – Trla: We do not distinguish between activated Tregs
derived from the thymus and those generated de novo. Consequently, activated Tregs are generated in
our model both, when resting Tregs come in contact with APCs, as well as when activated CD4+ T cells
change phenotype under the influence of TGF-β, as described in equations (S1.19) and (S1.22). As in
the tumor compartment (see equation (S1.10)), activated Tregs in the lymphoid compartment proliferate
in the presence of IL-2, undergo cell death and will migrate from the lymphoid organs back to the tumor
at an assumed constant per capita rate, µTr.

dTrla
dt

= λTr
Alm Tr

l
r

KT vspl +Alm + T4ln + T8ln + Trln︸ ︷︷ ︸
activation of Treg cells

+ γTr
[C lTGF]

KTr
TGF + [C lTGF]

T4la︸ ︷︷ ︸
TGF-β-mediated

conversion of CD4+ cells

+ αLr
[C lIL2]

KL + [C lIL2]
Trla︸ ︷︷ ︸

IL-2 mediated
proliferation

− δ′Tr Tr
l
a︸ ︷︷ ︸

cell
death

− µTr Tr
l
a︸ ︷︷ ︸

migration to
lymphoid organs

. (S1.23)

TGF-β chemokine – C lTGF and [C lTGF]: As in equation (S1.11), TGF-β is secreted by activated Tregs
and it is assumed to undergo natural decay at constant rate δT . The concentration [C lTGF] is given by
dividing C lTGF by the volume of the spleen in ml.

dC lTGF

dt
= αTrT Trla︸ ︷︷ ︸

source from
Treg cells

− δT C
l
TGF︸ ︷︷ ︸

natural
decay

, [C lTGF] =
C lTGF

vspl
. (S1.24)

IL-2 chemokine – C lIL2 and [C lIL2]: As in equation (S1.13), IL-2 is secreted by activated Th cells in a
TGF-β-dependent manner, and it undergoes natural decay at constant rate δL. The concentration [C lIL2]
is given by dividing C lIL2 by the volume of the spleen in ml.

dC lIL2

dt
=

αT4

1 +
[ClTGF]

KT4
TGF

T4la

︸ ︷︷ ︸
TGF-β -mediated

production by Th cells

− δLC
l
IL2︸ ︷︷ ︸

natural
decay

, [C lIL2] =
C lIL2

vspl
. (S1.25)
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S1.2 Dead cell phagocytosis by dendritic cells

Once DCs arrive at the site of cell death, they must distinguish alive from dying cells. This process
is mediated via ‘eat-me’ signals expressed by dying cells, the most well-characterized one being phos-
phatidylserine (PtdSer). PtdSer is recognized by a number of membrane adhesion receptors on DCs,
such as Tim4, which result in the tethering of the phagocyte to the dead cell. Binding and activation
of additional engulfment receptors subsequently leads to corpse engulfment, internalization and diges-
tion [5]. Mathematical models of dead cell or debris removal by phagocytes – specifically, macrophages
– have been previously proposed [6, 24]. These models assume that phagocytosis follows mass action
kinetics, with irreversible binding and uptake of dead cells or debris by the macrophages, and allow for
the possibility of a single macrophage engulfing multiple dead cells.

In our formulation, the process of dead cell uptake by DCs, and their subsequent activation is approx-
imated as follows. Since phagocytes can only engulf dead cells once appropriate cell surface receptors
on both cells have formed complexes, we assume that immature DCs bind reversibly to dead cells to
form immature DC-dead cell complexes. These complexes then lead to the engulfment and digestion of
the dead cell, and the DC is recovered as an immature cell, if an apoptotic cell was ingested, or as an
activated APC if a necrotic dead cell was ingested [7]. That is:

Di + Da
kpha−−⇀↽−−
kphd

Cia
λD−−→ Di,

Di + Dn
kpha−−⇀↽−−
kphd

Cin
λD−−→ Aa.

Here: Di and Aa are the numbers of uncomplexed immature DCs and activated APCs, respectively;
Da and Dn are the numbers of apoptotic and necrotic dead cells, respectively; and Cia and Cin are
the numbers of dendritic cell-apoptotic cell and dendritic cell-necrotic cell complexes, respectively. The
constants kph

a and kph
d represent the rates of association and dissociation, respectively, of immature DCs

and dead cells, while λD represents the rate of dead cell ingestion and digestion once a dead cell has
tethered to a DC. In the interest of minimizing the dimensionality of parameter space, phagocytes are
assumed to engulf and digest apoptotic and necrotic cells at the same rates. For simplicity, we allow DCs
to engulf and process only one dead cell at a time. Finally, assuming mass action kinetics as in [6], the
above chemical equations can be translated into the following differential equations:

d[Di]

dt
= − kph

a [Di] ([Da] + [Dn]) + kph
d ([Cia] + [Cin]) + λD [Cia], (S1.26)

d[Aa]

dt
= λD [Cin], (S1.27)

d[Da]

dt
= − kph

a [Di] [Da] + kph
d [Cia], (S1.28)

d[Dn]

dt
= − kph

a [Di] [Dn] + kph
d [Cin], (S1.29)

d[Cia]

dt
= kph

a [Di] [Da] − (kph
d + λD) [Cia], (S1.30)

d[Cin]

dt
= kph

a [Di] [Dn] − (kph
d + λD) [Cin], (S1.31)

where square brackets denote concentration defined as species per unit tumor volume. We now derive
a model for dead cell phagocytosis by DCs and their subsequent transformation into APCs. Follow-
ing Borghans et al. [25], we change variables from free immature DC density ([Di]) to total (free and
complexed) immature DC density defined as:

[Ai] = [Di] + [Cia] + [Cin]. (S1.32)
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With this change of variables, the system of equations (S1.26)-(S1.31) transforms to:

d[Ai]

dt
= −λD [Cin], (S1.33)

d[Aa]

dt
= λD [Cin], (S1.34)

d[Da]

dt
= − kph

a ([Ai]− [Cia]− [Cin]) [Da] + kph
d [Cia], (S1.35)

d[Dn]

dt
= − kph

a ([Ai]− [Cia]− [Cin]) [Dn] + kph
d [Cin], (S1.36)

d[Cia]

dt
= kph

a ([Ai]− [Cia]− [Cin]) [Da] − (kph
d + λD) [Cia], (S1.37)

d[Cin]

dt
= kph

a ([Ai]− [Cia]− [Cin]) [Dn] − (kph
d + λD) [Cin]. (S1.38)

Given that we are interested on a timescale of prostate xenograft growth in mice that occurs over
several weeks, and the fact that DCs typically phagocytose dead cells within 3 hours [7], we assume
quasi-steady state kinetics and take the rates of complex formation in the above equations to zero. Then,

[Cia] =
[Ai] [D]a

KD + [Da] + [Dn]
and [Cin] =

[Ai] [Dn]

KD + [Da] + [Dn]
, (S1.39)

where KD = (kph
d + λD)/kph

a . Substituting these in the equations (S1.35)-(S1.36), and using the quasi-
steady state assumption on [Cia] and [Cin] dynamics, we deduce that the rates of apoptotic and necrotic
cell phagocytosis by DCs are:

d[Da]

dt
= −λD

[Ai] [Da]

KD + [Da] + [Dn]
, and

d[Dn]

dt
= −λD

[Ai] [Dn]

KD + [Da] + [Dn]
. (S1.40)

Likewise, substituting equations (S1.39) in the equations (S1.33)-(S1.34) allows us to deduce the rate
at which DCs transform into antigen presenting cells as follows:

d[Ai]

dt
= −λD

[Ai] [Dn]

KD + [Da] + [Dn]
, and

d[Am]

dt
= λD

[Ai] [Dn]

KD + [Da] + [Dn]
. (S1.41)

Finally, we convert from concentration of cellular species back to total cell numbers by observing that
[variable] = variable/vtum, where vtum is tumor volume, and making the simplifying assumption that
vtum ≈ constant on the time-scale of tumor cell phagocytosis. Then:

dDa

dt
= −λD

AiDa

KDvtum +Da +Dn
,

dDn

dt
= −λD

AiDn

KDvtum +Da +Dn
,

dAi
dt

= −λD
AiDn

KDvtum +Da +Dn
,

dAm
dt

= λD
AiDn

KDvtum +Da +Dn
. (S1.42)

S1.3 T cell activation by antigen presenting cells

The process of T cell activation by activated DCs, or APCs, is highly complex, involving several
cytokines, cell surface receptors, co-factors and various subsets of the T cell population such as CTLs,
Th cells and Tregs; however, incorporating extensive biological detail in the model would necessitate the
addition of several unknown parameters. We therefore focus on those aspects of the APC-mediated T
cell-activation pathway most relevant to understanding the response of prostate cancer to vaccination
therapy. Briefly, APCs travel from the tumor tissue to lymphoid organs such as the spleen and lymph
nodes where they activate näıve, CD4- and CD8-expressing T cells, transforming them into Th cells and
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CTLs, respectively. T cell antigen receptors on T cells recognize fragments of tumor-derived antigens
bound to MHC-I complexes on APCs, resulting in a transient APC-näıve T cell complex. Co-stimulatory
signals, such as ICAM-1, CD58 and B7, expressed by the same APC bind to various molecules such as
LFA-1, CD2 and CD58 on the T cell, enhancing APC-T cell adhesion and subsequent activation of the
T lymphocyte [10].

Several mathematical models of T cell activation by APCs have been proposed (see [26] for a recent
review of these). Here, we follow the approach of De Boer and Perelson [27]. In their model, APCs bind
reversibly to näıve T cells, resulting in a T cell-APC complex that subsequently yields an activated T
cell and the APC is recovered. The activated T cell subsequently divides into two daughter cells that are
either näıve or ‘experienced’ – but not activated. The model also allows for distinction between various
T cell sub-populations. We modify this approach slightly as follows. For simplicity, we only consider
a single näıve T cell population for each cell type, that is, CD4+, CD8+ and resting Tregs. Further,
we model activated T cell proliferation as a separated event since, biologically, T cell proliferation is
dependent on interleukin-2 (IL-2), primarily expressed by APC-activated CD4+ T helper cells [12]. That
is, the following biochemical equations are assumed to represent APC-mediated Th and CTL activation:

T4ln,f + Alm,f
kaca4−−⇀↽−−
kacd4

C4a
λT4−−→ T4la + Alm,f ,

T8ln,f + Alm,f
kaca8−−⇀↽−−
kacd8

C8a
λT8−−→ T8la + Alm,f ,

T rlr,f + Alm,f
kacar−−⇀↽−−
kacdr

Cra
λTr−−→ Trla + Alm,f .

Here: T4ln,f and T4la are the numbers of näıve, uncomplexed Th cells, and activated Th cells, respec-

tively; T8ln,f and T8la are the numbers of näıve, uncomplexed CTLs, and activated CTLs, respectively;

Trlr,f and Trla are the numbers of resting, uncomplexed Tregs, and activated Tregs, respectively; Alm,f is
the number of free, antigen-presenting APCs; and C4a, C8a and Cra are the numbers of näıve Th-APC
cell complexes, näıve CTL-APC cell complexes and resting Treg-APC cell complexes, respectively. The
superscript l denotes the fact that these reactions are occurring in lymphoid tissue. The constants kac

a∗
and kac

d∗ represent the rates of association and dissociation, respectively, of näıve or resting T cells with
APCs while λT∗ represents the rate of APC unbinding from the complex, resulting in an activated Th
cell, CTL or Treg (∗ = 4, 8 or r). The above reaction scheme is essentially an enzyme-catalyzed reaction
with the APCs playing the part of the enzyme, and the näıve and activated T cells playing the part of the
substrate and product, respectively. Such reactions have been studied extensively (see [28] for a recent
review). Here, we follow the approach of Borghans et al. [25] wherein mass action kinetics are assumed,
and a total quasi steady state approximation made that is valid for a broad range of parameter values
including high and low enzyme – or, in our case, APC – concentrations.

Briefly, the variables representing free, näıve Ths (T4ln,f ), free, näıve CTLs (T8ln,f ), resting, free Tregs

(Trlr,f ) and free APCs (Alm,f ) are replaced by three new variables T4ln, T8ln, Trlr and APC l (defined
below), representing the total numbers of näıve Ths, näıve CTLs, resting Tregs and APCs, respectively.

[T4ln] = [T4ln,f ] + [C4a], [T8ln] = [T8ln,f ] + [C8a],[
Trlr

]
= [Trlr,f ] + [Cra], [Alm] = [Alm,f ] + [C4a] + [C8a] + [Cra], (S1.43)

where square brackets denote concentration defined as species per unit spleen volume. Further, the rates
of formation of [C4a], [C8a] and [Cra] are assumed to be at a quasi steady state, yielding the following
equations:

0 = kac
a4

(
[T4ln] − [C4a]

) (
[Alm] − [C4a] − [C8a] − [Cra]

)
− (kac

d4 + λT4) [C4a], (S1.44)
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0 = kac
a8

(
[T8ln] − [C8a]

) (
[Alm] − [C4a] − [C8a] − [Cra]

)
− (kac

d8 + λT8) [C8a], (S1.45)

0 = kac
ar

(
[Trlr] − [Cra]

) (
[Alm] − [C4a] − [C8a] − [Cra]

)
− (kac

dr + λTr) [Cra], (S1.46)

d[T4ln]

dt
= −λT4 [C4a], (S1.47)

d[T4la]

dt
= λT4 [C4a], (S1.48)

d[T8ln]

dt
= −λT8 [C8a], (S1.49)

d[T8la]

dt
= λT8 [C8a], (S1.50)

d[Trlr]

dt
= −λTr [Cra], (S1.51)

d[Trla]

dt
= λTr [Cra], (S1.52)

and where [Alm] is a conserved quantity. Applying an argument similar to that in [25], the following
approximate solutions to equations (S1.44)-(S1.46) may be derived:

[C4a] =
[Alm] [T4ln] ([Alm] +KT8) ([Alm] +KTr)

Denom
, (S1.53)

[C8a] =
[Alm] [T8ln] ([Alm] +KT4) ([Alm] +KTr)

Denom
, (S1.54)

[Cra] =
[Alm] [Trlr] ([Alm] +KT4) ([Alm] +KT8)

Denom
, (S1.55)

where:

Denom = KT4KT8KTr +
∑
i 6=j 6=k

[Til∗]KTjKTk + [Alm]
(∑
i 6=j

KT iKTj +
∑
i 6=j 6=k

[Til∗]
(
KTj +KTk

))
+ [Alm]2

(∑
i

([Til∗] +KT i)
)

+ [Alm]3, i, j, k ∈ {4, 8, r}, ∗ = n or r, (S1.56)

and where KT4 = (kac
d4 + λT4)/kac

a4, KT8 = (kac
d8 + λT8)/kac

a8 and KTr = (kac
dr + λTr)/k

ac
ar. We remark

that the above expressions are needlessly complex. We therefore make the simplifying assumption that
KT4 ≈ KT8 ≈ KTr (= KT , say). That is, T cell receptors on näıve Ths, CTLs and resting Tregs are
equally sensitive to binding MHC-I complexes on APCs. Under this assumption, the above expressions
simplify to yield:

[C4a] ≈
[Alm] [T4ln]

KT + [Alm] + [T4ln] + [T8ln] + [Trlr]
, [C8a] ≈

[Alm] [T8ln]

KT + [Alm] + [T4ln] + [T8ln] + [Trlr]
,

[Cra] ≈
[Alm] [Trlr]

KT + [Alm] + [T4ln] + [T8ln] + [Trlr]
. (S1.57)

Finally, we convert from concentration of cellular species back to total cell numbers by observing that
[variable] = variable/vspl, where vspl is spleen volume, which is constant over time. Then, the equations
governing the rates of change of T cell numbers are:

dT il∗
dt

= −λT i
Alm Ti

l
∗

KT vspl +Alm + T4ln + T8ln + Trlr
, (S1.58)

dT ila
dt

= λT i
Alm Ti

l
∗

KT vspl +Alm + T4ln + T8ln + Trlr
, (S1.59)
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where i = 4, 8 and ∗ = n or i = r and ∗ = r.

S2 Parameter Estimation

Supplementary Table S2.1: Parameter values taken from the literature.
Parameter Meaning Value Units Source

vC Volume of 106 tumor cells 1.2542 mm3 [29]
vDa Volume of 106 apoptotic tumor cells 0.7 vC mm3 [30]
vDn Volume of 106 necrotic tumor cells 1.3 vC mm3 [31, 32]
vA Volume of 106 DCs or APCs 0.7 mm3 [33]
vT Volume of 106 T cells 0.176 mm3 [34]

δAi Death rate of immature DCs 0.3151 per day [35]
δAa Death rate of activated APCs 0.40 per day [36]
δAm Death rate of mature APCs 0.40 per day [36]
δT4 Death rate of näıve Th cells 0.0115 per day [37]
δ′T4 Death rate of activated Th cells 0.1199 per day see text
δ′′T4 Treg-mediated death rate of activated Th cells 0.3421 per day see text
δT8 Death rate of näıve CTLs 0.0130 per day [37]
δ′T8 Death rate of activated CTLs 0.1199 per day [38]
δ′′T8 Treg-mediated death rate of activated CTLs 0.3421 per day see text
δTr Death rate of resting Treg cells 0.0115 per day [37, 39]
δI CTL-induced death rate of tumor cells 24.1920 per day [3, 40]

δT TGF-β degradation rate 8.640 per day [41]
δL IL-2 degradation rate 12.50 per day [2]

γAa Active APC maturation rate 1.70 per day [42]
µAm Rate of mature APC transfer from tumor to

lymphoid compartment
1.3333 per day [43]

Where possible, parameter values were taken from the literature. These are listed in Tables S2.1
and S2.2 together with their sources. The rates of näıve T cell localization to the mouse spleen were
estimated as follows. A typical healthy mouse spleen weighs between 80 and 120 mg and contains up
to 108 splenocytes1. In the JAX-FVB-NJ mouse used in the experiments of Shen at el. [44], 6-9% of
splenocytes are CD8+ T cells and 18-25% are CD4+ T cells2. Also, under healthy homeostasis, 6-10% of
CD4+ T cells are Tregs [45]. From this information, healthy steady-state levels of the various näıve T
cell populations in the spleen can be estimated. Assuming that, in the absence of a tumor there are no
activated T cells, the rate of i-type T cell localization to the spleen (si) can be calculated as si = i∞ ∗ δi,
where i∞ is the steady state number of i-type T cells in the spleen, and δi, their natural death rate.
Further, the death rates of activated and mature APCs were assumed to be identical, that is, δAa = δAm .
The maximum value of Treg-mediated CTL death rate, δ′′T8, was obtained as follows. Radunskaya et
al. [38] estimate the death rate of tumoral CTLs to be 0.4620 per day and the death rate of newly
activated lymphoid CTLs, δ′T8, to be 0.1199 per day. Since Radunskaya et al. do not consider Tregs in
their model, we assume that 0.4620 per day is the maximum possible death rate of activated CTLs, that
is, δ′T8 + δ′′T8 = 0.4620. From this, δ′′T8 may be estimated. Next, following a similar assumption in [2], the
constitutive and Treg-induced death rates of activated Th cells are assumed to be identical to those of

1https://www.miltenyibiotec.com/US-en/resources/macs-handbook/mouse-cells-and-organs/mouse-cell-types/

cd4-t-cells-mouse.html
2http://jackson.jax.org/rs/444-BUH-304/images/physiological_data_001800.pdf
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activated CTLs, that is, δ′T4 = δ′T8 and δ′′T4 = δ′′T8. Finally, the maximum rate of tumor cell kill by CTLs,
δI , was estimated as follows. Once CTLs arrive at the tumor, it takes them between 5-6 days to diffuse
through the tumor, migrating at a speed of 12.096 mm per day [3]. Further, it takes a CTL on average
6 hours to induce apoptosis in a target cell [40]. From this, δI and Kr may be estimated. Note that
this yields an upper bound for δI , since the precise value of this parameter will be influenced by factors
such as CTL specificity for tumor cells, and other tumor-mediated immune-inhibitory mechanisms not
explicitly considered here, such as the expression of programmed death-ligand 1 (PD-L1) on cancer cells.

Supplementary Table S2.2: Parameter values taken from the literature.
Parameter Meaning Value Units Source

KI
TGF Half-saturation constant for TGF-β-inhibited

tumor cell kill
3.50 ng/ml [2]

KL
TGF Half-saturation constant for TGF-β-inhibited T

cell proliferation
2.90 ng/ml [2]

KTr
TGF Half-saturation constant for TGF-β-mediated

Th-to-Treg conversion
1.70 ng/ml [2]

KT4
TGF Half-saturation constant for TGF-β-inhibited

IL-2 production
0.90 ng/ml [2]

Kδ
Tr Half-saturation constant for Treg-mediated

death of activated T cells
0.7873 dimensionless [13]

Kγ
Tr Half-saturation constant for Treg-mediated in-

hibition of APC maturation
0.8517 dimensionless [9]

KL Half-saturation constant for IL-2-mediated ac-
tive T cell proliferation

0.3 ng/ml [2]

Kr Half-saturation constant for effect of tumor size
on CTL-mediated tumor cell death rate

6.0480 mm [3, 40]

αL4 Maximum rate of activated Th cell proliferation 1.47 per day [46]
αL8 Maximum rate of activated CTL proliferation 1.6094 per day [47]
αLr Maximum rate of activated Treg proliferation 2.10 per day [2]

αTrT Treg production rate of TGF-β 3.7544 ng per million
cells per day

[14, 48]

αT4 Th cell production rate of IL-2 10.14 ng per million
cells per day

[1]

sT4 Localization rate of näıve Th cells in spleen 0.2460 million cells
per day

see text

sT8 Localization rate of näıve CTLs in spleen 0.0975 million cells
per day

see text

sTr Localization rate of resting Tregs in spleen 0.0197 million cells
per day

see text

Next , we describe the estimation of parameter values that were fit to experimental data. These are
listed in Table S2.3, and best fits plotted in Figure 2 of the main text. Parameters relating to tumor cell
proliferation and death, and dead cell clearance were estimated as follows. In a series of experiments by
Shen et al. reported in [44], prostate cancer xenografts comprising the Myc-Cap cell line were established
in 8-10 week-old male FVB/NJ mice. Tumor diameters were measured periodically, and ADT started
on day 22, when tumor volumes reached approximately 400 mm3. The onset of castration resistance
was observed, and defined as when tumor volumes increased to a minimum of 420 mm3 after the initial
decline post-ADT initiation. The emergence of castration resistance in the Myc-Cap xenograft model
occurs due to an amplification of the androgen receptor gene [49]. Here, we approximate this process
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by assuming that there is an initial pool of castration-resistant cells already present at the time of ADT
initiation. The time-course tumor volume data pre- and post-ADT described above was used to estimate
the rates of tumor cell proliferation αN and αM , the ADT-induced death rate of androgen sensitive cells
δadt
N , and the rate of dead cell clearance, δD. We remark that, for simplicity, androgen deprivation is

taken to have no effect on castration resistant cells, that is, in equation (S1.2), εM = 1 and δadt
M = 0.

The results of these fits are shown in Figure 2A. Further, Bladou et al. [50] have estimated that roughly
0.66% of cancer cells in prostate cancer xenografts are apoptotic in the absence of any treatment, from
which the constitutive or background rates of cancer cell apoptosis, δaN and δaM were estimated. Soggard
et al. [51] have estimated that equal fractions of untreated prostate cancer xenografts are apoptotic and
necrotic. Therefore, we take the constitutive or background rates of cancer cell necrosis apoptosis to be
equal, that is, δnN = δaN and δnM = δaM . The results of these fits are shown in Figure 2B.

Supplementary Table S2.3: Parameter values fit to experimental data.
Parameter Meaning Value Units

αN Rate of N cell proliferation 0.1473 per day
αM Rate of M cell proliferation 0.1862 per day

δaN Rate of N cell apoptosis 0.0074 per day
δnN Rate of N cell necrosis 0.0074 per day
δadt
N Rate of ADT-mediated N cell death 0.0687 per day
δaM Rate of M cell apoptosis 0.0093 per day
δnM Rate of M cell necrosis 0.0093 per day
δadt
M Rate of ADT-mediated M cell death 0 per day
δ′Tr Rate of activated Treg death 1.0216 per day

δD Rate of dead cell clearance 0.9738 per day

sAi Constitutive localization rate of DCs to tumor 3.620×10−3 millions of cells
per gm per day

s′Ai Find-me signal-mediated localization rate of
DCs to tumor

0.110×10−3 DCs per dead
cell per day

λT4 Maximum rate of CTL activation by APCs 4.1584 per day
λT8 Maximum rate of Th cell activation by APCs 0.7908 per day

αCT Production rate of TGF-β by cancer cells 7.038×10−2 ng per million
cells per day

αDT Production rate of TGF-β by macrophages 4.4545 ng per million
cells per day

γTr Maximum rate of TGF-β-mediated Th-to-Treg
conversion

1.5944 per day

In the same set of experiments by Shen et al. [44] described above, the immune presence at the site
of the xenograft was also recorded. Specifically, the total numbers of DCs (immature, activated and
mature), CD4+ T cells (Th cells and Tregs), CD8+ T Cells, and Tregs were counted prior to ADT
initiation, 7 days post ADT initiation, and once castration resistance had emerged. This data was used
to estimate the following parameters: immature DC localization rates at the tumor site, sAi and s′Ai ;
activation rates of T cells by mature APCs in the lymphoid compartment, λT4, λT8 and λTr; the death
rate of activated Tregs, δ′Tr; TGF-β-mediated rate of Th cell conversion to Treg, γTr ; and the rates of
TGF-β expression by tumor cells and macrophages, αCT and αDT , respectively. The results of these fits
are shown in Figure 2C-E. We remark that in the absence of data with which to estimate the parameters
relating to find-me signal production (see equation (S1.15)), we assume that the concentration of F in
circulation is at a quasi steady-state, that is:

F = α′F (Da +Dn), where α′F = αF /Vd δF . (S2.60)
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The above expression for F is then substituted in equation (S1.5), and the unknown parameter α′F
absorbed in s′Ai , the find-me signal-mediated rate of DC localization to the tumor. That is,

dAi
dt

= sAivtum + s′Ai(Da +Dn)︸ ︷︷ ︸
find-me signal-

mediated DC source

− δAi Ai︸ ︷︷ ︸
natural
death

− λD
AiDn

KDvtum +Dn +Da︸ ︷︷ ︸
activation by phagocytosis of

necrotic tumor cells

. (S2.61)

We list in Table S2.4 values of those parameters, which could not be determined from the literature.
In these cases, biologically realistic values were assigned to these parameters. For instance, the rates
of activated T cell trafficking to t he tumor, µT4, µT8 and µTr, are assumed to be equal to the rate of
mature APC transfer from the tumor to the lymphoid compartment, µAm . A value for the fraction εadt of
ADT-induced tumor cell death that is necrotic was chosen keeping in mind that ADT primarily induces
apoptosis in cancer cells [4]. Further, it is estimated that immature DCs take an average of 3 hours to
phagocytose dead cells [7]. Consequently, we assume that the rate of dead cell phagocytosis by DCs, and
subsequent DC activation, λD, is no larger than 8 per day. Finally, λTr – the maximum rate of Treg
activation by mature APCs – is taken to be the same as that of CTLs, that is, λT8.

Supplementary Table S2.4: Additional parameter values.
Parameter Meaning Value Units

εadt Fraction of ADT-induced cell death that is
necrotic

0.05 dimensionless

µT4 Rate of activated Th cell migration to tumor 1.3333 per day
µT8 Rate of activated CTL migration to tumor 1.3333 per day
µTr Rate of activated Treg migration to tumor 1.3333 per day

KD Half-saturation constant for dead cell phago-
cytosis by DCs

0.01 millions of cells
per mm3

KT Half-saturation constant for APC-mediated
activation of T cells

20 millions of cells
per mm3

λD Maximum rate of dead cell phagocytosis by
DCs, and of DC conversion to APC

6 per day

λTr Maximum rate of Treg activation by APCs 4.1584 per day

We next used standard errors reported in the experimental data in [44] to quantify the uncertainty in
a subset of the parameters listed in Tables S2.3 and S2.4, using our standing variations approach. A total
of 18 parameters were selected for this analysis, with the resultant distributions plotted in Figures S2.2
and S2.3, and their 95% bounds and median values recorded in Table S2.5. Finally, one key parameter in
our model is KI , the CTL to target cell ratio at which rate of CTL-induced cell kill is half its maximum
value. This determines the effectiveness of CTLs at targeting tumor cells. However, we do not have direct
experimental data with which to estimate its value. We therefore assumed that it follows a unimodal
Weibull-Normal distribution [52] across the mouse population we are modeling.
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Supplementary Table S2.5: 95% confidence bounds on sampled parameters.

Tumor growth and response to ADT

Parameter Median value Confidence bounds

vtum(t = 10) 91.7190 [52.13, 133.84]

αN 0.1587 [0.0990, 0.2251]

αM 0.1559 [0.1277, 0.2088]

δadt
N 0.0969 [0.0478, 0.1696]

δD 2.4038 [0.2516, 4.7461]

M0 = M(t = 10) 1.7292 [0.2171, 4.9340]

Immune presence in tumor

Parameter Median value Confidence bounds

sAi 4.7351×10−3 [2.3983, 7.0021]× 10−3

s′Ai 0.0864×10−3 [0.0125, 0.2619]× 10−3

λT4 5.3770 [2.3597, 7.1985]

λT8 1.2050 [0.5247, 1.8564]

γTr 1.3521 [0.4322, 3.2551]

αCT 3.7524×10−2 [0.3795, 11.2970]× 10−2

αDT 5.2869 [1.0288, 8.2441]

δ′Tr 1.2844 [0.4334, 1.9986]

εadt 0.1722 [0.0176, 0.3889]

KD 1.0922×10−2 [0.1305, 4.4671]× 10−2

KT 38.6140 [4.3513, 93.0632]

λD 7.1822 [2.2653, 9.8756]

KI 0.1379 [0.0240, 0.4024]
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Supplementary Figure S2.1: Posterior distributions of parameters relating to immune presence in the tu-
mor were inferred using a sample importance resampling algorithm. The resultant distributions, together
with 95% confidence bounds (shaded gray areas) and median values (dashed black lines), are plotted.
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Supplementary Figure S2.2: Posterior distributions of parameters relating to tumor growth and response
to ADT were inferred using a sample importance resampling algorithm. The resultant distributions,
together with 95% confidence bounds (shaded gray areas) and median values (dashed black lines), are
plotted.

Supplementary Figure S2.3: Assumed distribution of KI , the CTL to target cell ratio at which rate of
CTL-induced cell kill is half its maximum value. Also shown are 95% confidence bounds (shaded gray
area) and its median value (dashed black line).

19



S3 Approximation of Sensitivity Analysis

We identify those parameters that are significantly associated with a cure (tumor size < 1 mm3),
when mice are treated with combination ADT and vaccine per the optimal protocol suggested by our
model. Table S3.1 gives trends in model parameters significantly associated with this outcome in an
individual simulated mouse. Multiple logistic regression compared 318 cured mice to 4,559 ‘euthanized’
or dead mice, with mice surviving-but-not-cured at the end of the simulation excluded from this analysis.
Positive effect sizes indicate parameters that assume higher values in the cured mice, while negative
effect sizes indicate the opposite. The p-values can be made arbitrarily small by increasing the number
of simulated mice, but the relative value of Z-scores between parameters reflects their contribution to
the outcome, approximating a sensitivity analysis if the model could be analyzed in such a way. Non-
significant parameters are not reported in the table, for the sake of brevity.

Supplementary Table S3.1: Model parameters significantly associated with cure under opti-
mized combination therapy.

Parameter Dimensions Effect Size SE Z p-val

vtum(10) mm3 −0.03595 0.00559 −6.42890 < 0.0001

αN 1/day −28.20485 4.00701 −7.03888 < 0.0001

αM 1/day −92.53038 8.52813 −10.85002 < 0.0001

δD 1/day 2.48784 0.18042 13.78921 < 0.0001

M(10) mm3 −1.34657 0.13234 −10.17497 < 0.0001

λT8 1/day 3.71596 0.42951 8.65152 < 0.0001

αCT
ng

106cells
1

day −47.28937 5.16021 −9.16424 < 0.0001

αDT
ng

106cells
1

day −1.85225 0.12557 −14.75059 < 0.0001

δ′Tr 1/day 2.78649 0.26042 10.70020 < 0.0001

KT 106 cells/mm3 −0.06876 0.00715 −9.61972 < 0.0001

KI dimensionless −53.73040 3.96685 −13.54485 < 0.0001
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