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 Analyze data that is routinely collected from
individual cancer patients

* Predict disease progression and
response to therapy

* Personalize therapy based on individual data and
dynamic model predictions

e [reatment modalities, dose, sequencing, target
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Standard of care:
daily doses of 2Gy for 6 weeks- no weekends

o 1 :week1 week 2 week 3 week 4 week 5 week 6
=

2 0.8

O

>

& 06

-

= 04

O

= 0.2

E .

D [rrn t4th  peeee L pper M4 Mt

20
days since treatment



®
MOFFITT

CANCER CENTER

“standard of care”
2 Gy x 25

“hyper-fractionation’
1.2 Gy x 50
“hypo-fractionation”
5Gy x 10
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Table 1. Altered Fractionation Schedules Without Chemotherapy in Head and Neck Cancer
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Challenge

We have little understanding of how to select
the most appropriate fractionation schedule
for an individual patient.
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Can we use mathematical modeling
to simulate tumor tumor growth
and predict response to
different radiotherapy protocols
for individual patients?
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SELF-REGULATION OF GROWTH IN THREE DIMENSIONS*

By JUDAH FOLKMAN anp MARK HOCHBERG
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THE JOURNAL OF EXPERIMENTAL MEDICINE - VOLUME 138, 1973
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Logistic growth with
carrying capacity

ogistic grow
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change in Volume
over time

if Vis very small: V/K ~0

dVv. __ In2

~ exponential growth
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MAXIMUM DIAMETER (mm)
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Individual patients have an individual tumor carrying capacity K,
which leads to a patient-specific
tumor volume - to - carrying capacity ratio V/K.

V/K may serve a serve as prognostic marker for patient-specific
freatment response.

V/K = Proliferation Saturation Index (PSl)

1 =week 1 week 2 week 3 week 4 week 5 week 6

av anV(l—K)
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Yo = 1-5
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Proliferation saturation index (PSI)
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Prokopiou et al., Radiat Oncol, 2015
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Prokopiou et al., Radiat Oncol, 2015
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Conventional fractionation 35 fractions, 2 Gy M-F, Total 66-70 Gy; 7 weeks

Dr. Joo Kim
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ﬂ liﬁ Head and Neck Cancer
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Diagnosis



!iui,@ Prospective calculation of V/K

P

* Tpot known from in vitro experiments or retrospective cohort
analysis

e 2 independent images (diagnostic radiology image and
treatment planning image) to determine dV/dt

o explicit solution; solve for K

V(diagnosis) X V(treatment planning) X (eTPOt t—1)

V(diagnosis) X epott_ V(treatment planning)

Prokopiou et al., Radiat Oncol, 2015
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Estimate patient K
av In 2 |4
=V (1-%)

¥

predict response derive better protocols

0 5 10 15 20 25 30
days
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“standard of care”
2 Gy x 25

“hyper-fractionation”
1.2 Gy x 50
“hypo-fractionation”

5Gyx 10

Prokopiou et al., Radiat Oncol, 2015
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o av In 2 1%
Logistic tumor growth — = VI il—-—
dv In 2
Gompertzian tumor growth — = — V*ln |=
-Xponential
Mendelsohn
_Iinear
Surface

Von Bertalnafty

Dr. Dobrovolny lecture, 11/5
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Hypofractionation

Superimposed difference
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Hypofractionation
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Hyperfractionation
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u“' radiation response

®
o

Clonogen /
stem cell

e follow the fate of each cell

* high biological resolution

- can be calibrated with
experimental data
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0.1

0.01

Survival Fraction

0.001

0.0001

Bao et al., Nature 2006
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—H-GSC: A=0.1376, &=1

—#-Quiescent GSC: A=0.1376, §=0.5 | Hall et al., 2006
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!M, Validate Math Model
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Experimental data
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ullu with therapeutic doses
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* Immediate cell death
* cell death at next mitosis
* cell death at next mitosis after transient cell cycle arrest

* genomic instability; cell death at future mitosis

° e 5
y
0'F o g 8 O 4Gy 1
: o8 0 - e0y o
3 oo 27080 3
2 e ° ;
5 oo ¢ 083‘90
: 0o, 07" g
OPEN @ ACCESS Freely available online '-@'PLOS|°“‘ L‘E O O O O O O §
A Framework for Analysis of Abortive Colony Size ®o
Distributions Using a Model of Branching Processes in

Irradiated Normal Human Fibroblasts 10"

Tetsuya Sakashita'>, Nobuyuki Hamada®”, I1sao Kawaguchi’, Noriyuki B Ouchi®, Takamitsu Hara®, )
Yasuhiko Kobayashi', Kimiaki Saito® Colony size (n cells/colony)
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» cell death at next mitosis 006 [ _Hyper —— Hypo_—Increasing Decreasing
@) 0.04 B
e cell death at next mitosis after E
transient cell cycle arrest =0 0.02 B
I — _
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adaptive radiotherapy
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Logistic + Gompertzian growth models provide excellent fits to
retrospective data

» but forward prediction may be hugely different

Patient-specific V/K (PSI; Proliferation Saturation Index) emerges as
prognostic factor for radiotherapy response

Patient-specific PSI can be calculated from 2 pre-treatment scans

PSI dependent fractionation protocols (standard, hyper, hypo)

e personalization of radiation fractionation

" hyperfractionation benefit

I hypofractionation benefit

« dose fractionation adaptation?

0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95
PSI
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“The abscopal effect is a phenomenon in the treatment
of metastatic cancer where localized irradiation of a tumor causes
not only a shrinking of the irradiated tumor but also a

shrinking of tumors far from the irradiated area.”
(Wikipedia, 9/12/14)

An untreated distant metastasis on the right
ankle resolved after brachytherapy (12 Gy
total dose) to lesions on the upper half of the
right lower leg. (Cotter, Arch Dermatol, 2011)
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“The abscopal effect is a phenomenon in the treatment
of metastatic cancer where localized irradiation of a tumor causes
not only a shrinking of the irradiated tumor but also a

shrinking of tumors tar from the irradiated area.”
(Wikipedia, 9/12/14)
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NSCLC, Golden et al., Cancer Immunol Res, 2013 Melanoma, Seung et al., Sci Transl Med, 2012
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e The induction of the abscopal effects depends on the trafficking of
activated T cells through the host circulatory system.

* the size and anatomic location of each metastatic tumor,

 the radiation target and tissue of immune cell activation after local
radiation.

Different metastatic sites within an individual patient have
different potentials to induce an abscopal effect.

Question

Can we predict radiation-induced T cell activation, trafficking and
systemic distribution to identity best treatment targets for individual
patients”
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Radiation-induced effects and the immune system in
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patient-specific

Compartment

1-h,,
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N

pre-computed

1-H compartment

Obtain Determine (BFF_,,...cven:)

patient-specific diagnostic physiologic blood flow fraction

PET/CT data set to each compartment from table

‘ Pumonary Syse—c

Determine (V) e '
metastatic tumor volumes 1 =
ineachorganV,._ s ' uvEn

1Se)
1 OTHER
ORGANS

Determine (BFF,,,.) ()
physiologic blood flow fraction
to each tumor bearing organ reomeg
from table _ o

Calculate (P)

P, is the probability that the T cell will infiltrate ith tumor

site after entering a given compartment in each

circulatory cycle

Calculate (p)

p, is the overall probability that the T cell will home to

the ith tumor site

Calculate (E)

Normalized entropy of homing distribution, based on

activated T cell dissemination fQr each metastatic site

Calculate Rank Bank
Immunogenicity Index, patient-specific Combinations of patient-

assigned to each site treatment targets with

highest likelihood of
inducing an
abscopal effect

specific treatment targets
with highest likelihood of
inducing an abscopal
effect
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patient-specific

Obtain Determine (BFF,
patient-specific diagnostic

PET/CT data set

‘ Pumorary Gyre—c
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metastatic tumor volumes 1

ineachorganV,._
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Determine (BFF,,,.)
physiologic blood flow fraction

Compartment

to each tumor bearing organ ooy
CTis
from table ‘
! :
Calculate (P)

P, is the probability that the T cell will infiltrate ith tumor
site after entering a given compartment in each

circulatory cycle BFF v

P=hx—""—x
BFF Vv

Cremparavent s

v

Calculate (p)
p, is the overall probability that the T cell will home to
the ith tumor site

P

p;=PF :

absorbtion

compartment

1-H compartment

Calculate (E)
Normalized entropy of homing distribution, based on
activated T cell dissemination fQr each metastatic site

N
1
E‘ = zpﬂlnpﬂ /(Nlnﬁ)
jol

v

pre-computed

alig4 ‘J(."T't"lf)
physiologic blood flow fraction
to each compartment from table
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h = Extravasation Probability.

Each metastatic site will be evaluated for
h, (activation of T cells by radiation) or
h, (no activation - other site irradiated);
where h > h,

Hl‘““”"::t':.?‘l‘ﬂ! =sum Of P |n a compartment
Hu in LU
P 1| H O =H ) BFF, 4 BFF(1-Ho)) Ll
P LT A "(d,’.’:l\(l - ”“ ’ n (;B
H  BFF_(1-H ) in SO

A = normalization constant

N = number of metastatic sites

p, = probability of a T cell activated at site
i infiltrates tumor at site j

Calculat Rank
Immunogenicity Index, patient-specific
assigned to each site treatment targets with

v " highest likelihood of
I;=E V' inducing an
( """VN) abscopal effect

Rank
Combinations of patient-

specific treatment targets
"] with highest likelihood of
inducing an abscopal
effect
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Calculate (P)
P, is the probability that the T cell will infiltrate ith tumor
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Calculate (p)
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Normalized entropy of homing distribution, based on
activated T cell dissemination fQr each metastatic site
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h = Extravasation Probability.

Each metastatic site will be evaluated for
h, (activation of T cells by radiation) or
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A = normalization constant
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Pretreatment PET/CT scans.

Metastatic melanoma scans obtained from Jonathan Schoenfeld, DFCC.
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Extracted body outline + Extracted skeleton + Extracted activity = Anatomic map
regions
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e abscopal effect is the observation of regression of metastases
outside local treatment field

* different metastases may have potential to induce abscopal effect

e dependent on anatomic distribution, tumor volumes, site of
Immune activation

* quantitative modeling of T cell trafficking between patient-specific
anatomic distribution of metastases may help identitying
promising treatment targets

* to be validated in prospective clinical trials
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av _ In2 v v v J—
i =’ (17%)  Vposur = V-y, V(1-%) ER i

Patient 3

- repeat 1000 times

- set random value for Tpot,y and K
- solve the model and estimate error to data

- keep 500 best fits, discard 500 worst fits (selection)
/7 \

- combine choosing random maternal & paternal ‘genes’ (crossover)
=> 250 new ‘individuals

- randomly chose 250 ‘individuals’ and randomly mutate a ‘gene’ (mutation)

repeat 1000 times
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exponential growth 7
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* Extravasation is complicated process involving T cell rolling,
activation and arrest.

* T cell extravasate more efficiently to the tissue in which they
were activated (area code hypothesis).

Assumptions:

1. Probability of T cell extravasation in the tissue in which it
was activated =: h,

2. Probability of T cell extravasation in other tissues =: h_

h.>h

d n
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Trafficking of antigen-specific CD4% T cells activated by lung DCs or other sites DCs in response to inhaled antigen (OVA,
ovalbumin)

a DC  Lung TLN Spleen SLN MLN Skin LP
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£ 1

10° 109 1o 100 400 100 100
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Mikhak et al, J Exp Med, 2013
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Homing distribution (%)

Homing distribution (%)
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Tumor dynamics and treatment response
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Logistic tumor growth
CTLs target tumor cells
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Dunn et al., Nat Immunol, 2002
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Resistance of Tumor-bearing Mice to a Second Tumor Challenge

Elieser Gorelik'

Laboratory of Immunodiagnosis, National Cancer Institute, NIH, Bethesda, Maryland 20205

The inhibition of growth of a sacond tumor graft in mice
bearing the original tumor was described by Ehrlich (6) in
1906. This phenomenon was later attributed to the antitumor
immunological response and termed concomitant tumor im-
munity (2).




®
MOFFITT

CANCER CENTER

A

Number of cancer cells (log scale)

facilitates escape of distant metastases

breast tumor

removal

breast

) e e e

5
<

f lung
5 | 1 1
200 300 400 500

600

Effector cells to cancer cells ratio

breast tumor

}

removal

lung

breast

///

v

=

P —————— T ——_————— TN ————— -

|

O &
2 8

|

§ I

600



Surgical removal of primary
\ o .
facilitates escape of distant metastases
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Dormancy and surgery-driven escape from dormancy help

explain some clinical features of breast cancer

M. W. RETSKY.! R. DEMICHELI,* W. J. M. HRUSHESKY.* M. BAUM* and 1. D. GUKAS?

a Tumor growth without surgery b Tumor growth with surgery

Kim & Boushaba, Systems Biology of Tumor Dormancy, Springer, 2013
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