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Abstract

Inhibiting androgen receptor (AR) signaling through androgen deprivation therapy (ADT)
reduces prostate cancer (PCa) growth in virtually all patients, but response is temporary, and
resistance inevitably develops, ultimately leading to lethal castration-resistant prostate cancer
(CRPC). The tumor microenvironment (TME) plays an important role in the development and
progression of PCa. In addition to tumor cells, TME-resident macrophages and fibroblasts
express AR and are therefore also affected by ADT. However, the interplay of different TME

cell types in the development of CRPC remains largely unexplored.

To understand the complex stochastic nature of cell-cell interactions, we created a
PCa-specific agent-based model (PCABM) based on in vitro cell proliferation data. PCa cells,
fibroblasts, “pro-inflammatory” M1-like and “pro-tumor” M2-like polarized macrophages are
modeled as agents from a simple set of validated base assumptions. PCABM allows us to
simulate the effect of ADT on the interplay between various prostate TME cell types. The

resulting in vitro growth patterns mimic human PCa.

Our PCABM can effectively model hormonal perturbations by ADT, in which PCABM
suggests that CRPC arises in clusters of resistant cells, as is observed in multifocal PCa. In
addition, fibroblasts compete for cellular space in the TME while simultaneously creating
niches for tumor cells to proliferate in. Finally, PCABM predicts that ADT has
immunomodulatory effects on macrophages that may enhance tumor survival. Taken together,
these results suggest that AR plays a critical role in the cellular interplay and stochastic

interactions in the TME that influence tumor cell behavior and CRPC development.
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Introduction

Prostate cancer (PCa) is the second most common cancer in men worldwide, with 1.4
million new cases and over 370,000 deaths annually. Androgen receptor (AR) signaling plays
a pivotal role in PCa initiation and progression, motivating the development of several therapies
targeting this hormone-driven transcription factor over the years®*. However, despite an initial
treatment response in most patients, resistance to ADT inevitably develops, resulting in lethal
metastatic castration-resistant prostate cancer (CRPC). Therefore, the development of new

therapies that effectively treat or even prevent CRPC is critical®.

Recently, multiple studies have shown that the tumor microenvironment (TME) plays a
key role in the development and progression of PCa®°. The prostate TME consists of a variety
of non-malignant cells, including fibroblasts and macrophages*~*4. Cells in the TME influence
PCa cell growth through chemical and physical interactions between tumor- and stromal cells,
through angiogenesis, immune suppression, extracellular matrix (ECM) remodeling and tumor
invasion®!517, Although fibroblasts are mostly quiescent in healthy tissues, in the TME
fibroblasts are in a state reminiscent of wound healing and are referred to as cancer-associated
fibroblasts (CAFs)181° Another dominant component of the prostate TME is macrophages,
which are highly plastic cells that can polarize into a spectrum of phenotypes. Conventionally,
two extreme polarizations of tumor-associated macrophages are recognized: classically
activated pro-inflammatory (M1) macrophages and alternatively activated anti-inflammatory
(M2) macrophages?®?L. In general, M1-macrophages are anti-tumorigenic leading to tumor cell
death, whereas M2-like macrophages are pro-tumorigenic, promoting tumor growth. These
phenotypically distinct macrophages have been hypothesized to have contrasting effects on
tumor progression?2. Importantly, specific macrophage subtypes have a prognostic value for
PCa patients, suggesting that the relative contributions of these subtypes are related to patient

outcome?s.

Interestingly, AR expression is not restricted to PCa cells, but is also expressed and

functional in cells of the prostate TME, including fibroblasts and macrophages?*. Consequently,
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79 interactions between cells of the prostate TME could potentially be affected by androgens and
80 thus by AR-targeted therapies, including ADT. However, studies on ADT altering TME cell
81 interactions in the context of primary PCa and CRPC development are limited and present
82  conflicting results. Low levels of AR in stromal tissues are associated with an earlier onset of
83  PCarecurrence’?. Indeed, AR signaling in the stroma has been reported to play a protective
84  role in PCa development, as low AR expression in the TME is associated with a high-grade
85 tumor and poor clinical outcome’. Previously, we have shown that AR inhibition in CAFs
86  triggers PCa cell migration via paracrine regulation of CCL2 and CXCL8, which may contribute
87 to PCa invasiveness and metastasis®. Alternatively, infiltration of tumor-associated
88  macrophages (TAMs) influences disease progression toward CRPC development after ADT?%-
89 28, AR signaling in macrophages activates TREM-1 signaling, which subsequently leads to the
90 secretion of pro-inflammatory cytokines that support PCa cell line migration and invasion?®. In
91 addition, AR has been described as an enhancer of macrophage and monocyte
92 differentiation®"3!, However, it is not fully understood how the combined interactions between

93  TME cells contribute to CRPC development and what the role of ADT is in these interactions.

94 Recently, computational agent-based models (ABMs) have been used to describe the
95 complex interplay between cancer cells and TME cells®-3* by modeling individual agents that
96 perform stochastic actions, thereby creating complexity from a simple set of base cell actions.
97  Previously, ABMs have been successfully applied to study tumor stem cell growth®>:3¢, tumor
98 cell migration®’, avascular tumor growth®8, radiotherapy optimization®*® and response to
99 immunotherapy in colorectal cancer®4!, Recently we developed an ABM to study prostate
100 cancer onset, however this does not account for the effect of therapy on the prostate tumor

101 microenvironment?*2.

102 In this study we generated a PCa-specific ABM (PCABM) which includes the
103  interactions between tumor cells, fibroblasts, and macrophages in relation to hormonal therapy.
104 The PCABM is informed by in vitro prostate TME co-culture growth data, using particle swarm

105  optimization (PSO). PCABM simulations show that CRPC is multifocal and arises from clusters


https://doi.org/10.1101/2023.07.27.550792
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.27.550792; this version posted July 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

106  of resistant cells within the prostate TME. In addition, fibroblasts play an indispensable role in
107  regulating spatial proliferative constraints while simultaneously providing a protective niche for

108  tumor cells from the tumoricidal effect of pro-inflammatory macrophages.

109 Recently, we reported a genome-wide CRISPR screen in PCa cells co-cultured with
110  pro-inflammatory macrophages where we identified AR as a critical regulator of macrophage-
111 mediated killing*. These studies revealed AR as a genuine tumor-intrinsic immunomodulator,
112 with hormone deprivation preventing tumor cell killing by M1 macrophages. Consistent with
113 this study in cell line models, our PCABM confirms in silico that ADT exposes
114  immunomodulatory effects in the prostate TME, impeding macrophage-mediated tumor cell
115  killing in androgen-deprived conditions. Cumulatively, our in silico model faithfully phenocopies
116  both the response of tumor cells to hormonal stimuli, as well as the impact of therapy thereon

117 in relation to its microenvironment.

118
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119  Materials & Methods

120  In vitro Cultures

121  Cell culture and M1- and M2 macrophage differentiation

122 The prostate cancer cell lines LNCaP (ATCC CRL-1740) and LNCaP-abl (ATCC CVCL-
123 4793) the monocytic cell line THP-1 (ATCC TIB-202) and immortalized foreskin fibroblast BJ
124  cell line (CRL-2522) were cultured in RPMI-1640 (Gibco) supplemented with 10% fetal bovine
125 serum (FBS, Sigma) and 1% penicillin-streptomycin (P/S, Gibco). For hormonal related
126  experiments all cells were cultured in RPMI 1640 supplemented with 5% Dextran Coated
127  Charcoal (DCC, Sigma) stripped-serum and 1% P/S 3 days before to the start of the
128  experiment. AR was induced with 10nM R1881 (Sigma) supplemented RPMI-DCC. Cell lines
129  were kept at low passage and regularly tested mycoplasma negative. THP-1 cells were
130  stimulated with either 200ng/mL (for M1 macrophages) or 50ng/mL (for M2 macrophages) of
131  phorbol 12-myristate 13-acetate (PMA, Sigma) for 48h, followed by 24h in fresh 10%FBS-
132 RPMI. M1-macrophages were differentiated by 24h stimulation of 10ng/mL lipopolysaccharide
133  (LPS, Sigma) and 10ng/mL interferon-y (IFN-y, Peprotech), while M2-macrophages were
134  differentiated by 72h stimulation with 20ng/mL IL-4 (Peprotech) and 20ng/mL IL-13
135  (Peprotech).

136

137  Lentiviral vector and transduction

138 Lentivirus was generated in HEK293T cells cultured in 10% FBS, 1% P/S
139  supplemented DMEM (Gibco). To produce LNCaP-eGFP cells, HEK293T were transfected
140  using polyethylenimine (PEI) with packaging constructs (pMDLg/pRRE, pRSV-Rev, pCMV-
141  VSV-G, AddGene). Virus was harvested after 24h, filtered with a 0.22um filter (Millipore) and
142  snap frozen in liquid nitrogen. LNCaP cells were infected at a MOI > 2 and selected with
143 2ug/mL puromycin (Sigma) and checked for e GFP expression regularly.

144

145


https://doi.org/10.1101/2023.07.27.550792
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.27.550792; this version posted July 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

146  Three cell type co-culture assays

147 For co-culture assays, LNCaP cells and BJ fibroblasts were cultured together with
148  either M1- or M2-like macrophages (Supplementary Figure S1). Additionally, LNCaP cells
149  were cultured with BJ fibroblasts, M1- or M2-like macrophages separately. Firstly, 3750 THP-
150 1 cells were seeded in a 96-well plate (CELLSTAR plate, 96w, F, vClear, TC, PS, black, lid,
151  Greiner) in 100puL medium per well. THP-1 cells were differentiated towards M1- or M2-like
152 macrophages following the above-mentioned protocol. LNCaP-eGFP cells were added to
153  differentiated macrophages with or without BJ fibroblasts (4:1 ratio). To investigate the effect
154 of different hormone conditions on LNCaP cell survival, all cells were cultured in 5% DCC and
155 1% PS RPMI-1640 and stimulated with either DMSO (vehicle) or 10nM R1881. Additionally,
156  cells were individually stimulated with either DMSO or 10nM R1881 for 24h, washed and co-
157  cultured subsequently. LNCaP-eGFP cell fluorescence and proliferation was measured using
158 IncuCyte Zoom (Essen BioScience) for 7 days. BJ fibroblast proliferation was measured
159  separately by IncuCyte Zoom phase-contrast analysis.

160

161 Hormone conditions, apoptosis and resistant cell assays

162 To validate PCABM predictions on ADT effects, 3750 THP-1 cells were differentiated
163  into M1- and M2 macrophages as described earlier in 5% DCC, 1% PS RPMI-1640. M1- and
164 M2 macrophages were subsequently stimulated with either DMSO (vehicle) or 10nM R1881
165  for 24 hours. LNCaP-eGFP cells were seeded at a density of 15000 cells per well in a 96-well
166 plate (CELLSTAR plate, 96w, F, vClear, TC, PS, black, lid, Greiner) 24h before the start of the
167 assay in 100uL of 5% DCC, 1% PS RPMI-1640 and were either stimulated with DMSO or
168  10nM R1881 for 24 hours. All cells were gently washed with PBS and LNCaP-eGFP cells were
169  co-cultured in DMSO with either 3750 DMSO- or 3750 R1881 stimulated M1- or M2-polarized
170  macrophages. Cell proliferation was measured with the IncuCyte Zoom fluorescent signal
171  imaging system for 7 days. Data was normalized to time point zero (t = 24hrs) to account for
172 possible fluorescence intensity artifacts upon initialization. To compare Incucyte results to in

173  silico results, PCABM data was normalized to the number of tumor cells upon initialization.
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174 Cell apoptosis was measured and analyzed using IncuCyte Zoom (EssenBioScience)
175  on similar cell numbers, timespans and set-up as described previously with 0.5 mM Caspase-
176  3/7 Red Reagent for Apoptosis (Essen BioScience), while apoptosis control was induced by
177  supplementing to 0.5 mM Phenylarsine Oxide (PAO, Sigma). To investigate growth of LNCaP-
178  abl cells in androgen-deprived conditions, 250 LNCaP-abl cells were seeded on a 96-well plate
179  and cultured in RPMI-1640, 5% DCC + 1% PS. Cell proliferation was measured and analyzed
180 by brightfield analysis with the IncuCyte Zoom (Essen BioScience) for 10 days.

181

182  Agent Based Model Design

183 Our two-dimensional PCABM consists of four agents (cell types): tumor cells, M1 and
184 M2 polarized macrophages, and fibroblasts as these are the most abundant cell types and key
185  playersin the prostate TME*. PCABM requires specific size grid cells, although in reality actual
186  cell sizes vary, therefore each grid cell was assigned the size of one tumor cell*® as 142.89
187  um?2. Agents occupy exactly one position on a customizable rectangular grid, which size was

188  scaled to in vitro well size leading to a 125x125 square grid (reality: 1.48 mm?2).

189 To emulate in vitro settings, different agent types are randomly scattered on the grid
190 upon initialization, with seeding densities matching in vitro experiments. PCABM runs for a
191 fixed number of time steps of four hours every simulation, and each cell type has a probability
192 to perform actions in the order: tumor cells, fibroblasts, M1 macrophages, and M2

193  macrophages (summarized in Figure 1A).

194 Tumor cells can proliferate (TUppror), die (TUpdeah, SpOntaneous death) or migrate
195  (TUpmig) either towards fibroblasts or in random directions (TUwak and have limited proliferation
196  capacity (TUpmax). Fibroblasts can proliferate (Fppro) With limited capacity (Fpmax), die (Fpdeath,
197  spontaneous) or migrate (Fpmig) either towards tumor cells or in random directions (Frwaik). M1
198 and M2 polarized macrophages can migrate (Mymig) either towards tumor cells or randomly
199  (Mwak). Macrophages can kill (Mpin) when bordering a tumor cell, with maximum killing capacity

200  (Mumax) before exhaustion and can spontaneously die (Mpgeath). M2 polarized macrophages
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201 were calibrated to have attenuated tumoricidal activity compared to M1 polarized
202  macrophages. Additionally, M2 polarized macrophages have the ability to increase tumor cell

203  proliferation probability (M21yadd).

204 Migration and proliferation processes requires unoccupied grid space in all agents’
205 neighborhood (Moore neighborhood), such that agents compete for space upon performing
206  actions. Finally, inactive agents idle. All actions have calibrated stochastic probabilities, which
207  resembles stochasticity observed in biological processes. An overview of model parameters is
208  shown in Supplementary Table S1.

209

210 Initial parameter estimation

211 Tumor cell and macrophage migration parameters from Kather et. al.*>*! were scaled
212  to match PCABM grid size and time steps. Other parameter values were estimated using
213  particle swarm optimization (PSO), which uses swarm behavior to search for global solutions*®

214  and has been useful in a variety of optimization problems, including ABM#%4749,

215 Relative tumor cell numbers produced by PCABM were compared to in vitro relative
216  growth curves to estimate parameters. TUpmax Was assumed to be the same in presence or
217  absence of hormone and estimated only in hormone proficient conditions, in which ADT is
218 assumed to be non-toxic. TUppo Was instead fitted independently in the two hormonal
219  conditions. The tumor cell apoptotic probability was measured in vitro using a caspase 3 and
220 7 assay and was assumed equal for both androgen pro- and deficient conditions. PSO was
221 ran 50 times for each biological replicate (replicate optimizations in Supplementary Figure
222 S2), with fixed parameter set to the median of the triplicate to be used as input for the next

223 PSO iteration.

224 Similar to tumor cells, relative fibroblast numbers produced by PCABM were compared
225  to relative fibroblast growth curves in vitro and parameters Fpprol, Fpmax @nd Fpgeath Were fitted.
226  Fibroblast parameters were only optimized for DCC+R1881 conditions, since fibroblasts exhibit

227  similar growth curves in androgen pro- and deficient conditions (Supplementary Figure S2)%.


https://doi.org/10.1101/2023.07.27.550792
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.27.550792; this version posted July 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

228  Fibroblast migration parameters (Fpmig and Frwak) and tumor cell migration towards fibroblasts
229  (TUwak) Were qualitatively tuned by comparing model visualizations to in vitro captured cell

230  dynamics.

231 Macrophage optimizations were performed separately for M1- and M2-polarized
232 macrophages in the presence of both tumor and fibroblast cells for both DMSO and R1881
233  conditions (Supplementary Figure S3-4). Again, PCABM relative tumor cell numbers in
234 macrophage presence were fitted to in vitro relative tumor cell numbers. The parameters M1 i
235 and Mlwax Were optimized in hormone proficient conditions and killing capacities were
236 assumed at maximum in these conditions as justified by our in vitro killing observations
237  (Supplementary Figure S5). However, for vehicle conditions only M1, was optimized, as
238  this value is reasonably lower in hormone deficient conditions. Similarly, M2-polarized
239  macrophage killing M2ym was optimized with M2imax the same as Mlimax, although
240  simultaneously M21uadd Was optimized as tumor promoting growth parameter (Supplementary
241  Figure S5). A full list of the estimated parameters can be found in Supplementary Table S2.
242

243  Exploring effects of ADT on the prostate TME

244 Simulations solely included tumor cells and macrophages to exclude possible
245  confounding effects of fibroblasts. Parameters were estimated similarly to previous parameter
246 optimizations, optimizing 50 times with PSO in triplicate. However, instead of fixing the median
247  parameter value over all triplicates to create one model, median parameters were fixed for
248  each triplicate model individually. Killing probability (Mp«ir) and capacity (Mwmax) Of macrophages
249  were estimated separately for M1- and M2-macrophages in hormone proficient conditions.
250

251  Modeling castration resistance

252 Using PCABMSs optimized hormonal TME conditions, CRPC growth was simulated by
253  seeding a co-culture of androgen sensitive and resistant tumor cells (1:100) in hormone

254  deprived conditions. Resistant tumor cells have different proliferation probability and capacity

10
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255  parameters (TUpprores @and TUpmaxres respectively), which were fitted to in vitro growth of LNCaP-
256  abl cells (androgen ablated), an ADT resistant clone derived from LNCaP cells. Resistant tumor
257  cells migrate as fast as non-resistant cells and have the same probability of spontaneous death
258  as non-resistant tumor cells in hormone proficient conditions. To simulate interactions in the
259  TME upon CRPC development also fibroblasts, M1- or M2-macrophage agents were added.
260 Since the amount of TME cell infiltration varies in prostate tumors, simulations were run with
261  various ratios of different cell types.

262

263  Patient samples and histology

264 Spatial cellular patterns produced by PCABM were compared with a histological sample
265  from a radical prostatectomy specimen, which was formalin fixed, paraffin embedded (FFPE).
266 Tissue was stained with hematoxylin and eosin (HE) and a 200x enlarged microscopy image
267  was taken.

268

269  Statistical analysis

270 Statistical analysis of growth rate differences in hormone conditions was performed
271  using linear mixed-effect models with longitudinal analysis using R package TumGrowth®°. For
272 validation, in vitro LNCaP cell growth was tested in different hormone conditions over time and
273  also PCABM output for CRPC simulations with different cell types was analyzed similarly.
274  Different TME compositions were tested for effects on simulated relative tumor cell number
275  over time. Type Il analysis of covariance (ANOVA) with Wald tests were used to calculate p-
276  values with significance cutoff 0.05.

277

278 Data and code availability

279 The model used in this study is publicly available in

280  https://github.com/SysBioOncology/PCABM_ADT.

281
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Results
PCABM conceptual model

We developed an ABM consisting of tumor cells, fibroblasts, M1 and M2 macrophages,
which are seen as agents and scattered randomly on grid upon initialization to mimic in vitro
settings. These cellular agents perform actions (proliferate, die) and interact with each other
as schematically represented in Figure 1A (see Material and Methods for a more extensive
description of the model).

We optimized the PCABM on co-cultures experimental data (six technical replicates
spanning three biological replicates) measured in androgen proficient R1181 conditions versus
hormone deprived vehicle control conditions to mimic the TME in normal and ADT conditions

respectively (Figure 1B).
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293  Figure 1: PCABM parameter and cell type action overview.
294  a) Overview of all modelled cell interactions, in which each cell type can migrate, idle and die.
295  Tumor cells and fibroblasts proliferate, while macrophages can either kill or support tumor cells

296  depending on their subtype.

297 b) PCABM is optimized for two in vitro co-culture conditions: cells grown in dextran coated
298 charcoal (DCC) supplemented medium without androgen (DMSO, upper panels) and with
299 androgen (R1881, lower panels). The different cell types are LNCaP, LNCaP + fibroblasts and

300 LNCaP + fibroblasts + either M1 or M2-polarized macrophages.

301

302 PCABM forms similar growth patterns as in vitro co-cultures and histological samples
303 Upon initialization of PCABM, cells are randomly distributed across a grid and self-
304  organized to form complex spatial patterns over time (Figure 2A). In our in silico PCABM, we
305 observe similar spatial growth patterns to those observed in vitro (Figure 2B) and to those
306 observed in human tumor samples, as identified in HE stained formalin-fixed paraffin
307 embedded prostate tumor tissue (Figure 2C). These observations illustrate PCABM’s ability to
308 reliably model spatial PCa growth pattern complexity in silico from a simple set of assumptions

309 and optimizations.

Figure 2
a

140 hours
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310 Figure 2: Prostate TME spatial patterns in silico, in vitro, and in vivo in hormone
311  proficient conditions.

312  a) Modeled tumor cells (red) and fibroblasts (green) are randomly distributed across PCABM
313 lattice, but spatiotemporally organize after 4, 68 and 140 hours of pseudo-time.

314  b) In vitro co-culture of tumor cells (red) and fibroblasts (brightfield, 1:1 ratio) after 140 hours.
315 c¢) FFPE HE staining at 200x magnification of a primary prostate tumor, showing distinct

316  epithelial tumor foci (masked image) surrounded by stroma.

317 Hormonal response of PCa cells is accurately captured by PCABM

318 PCABM simulations recapitulate LNCaP cell growth curves observed in in vitro
319 experiments well in both hormone proficient and deficient conditions (Figure 3). Model
320 estimation of tumor cell proliferation (TUppro)) Shows a threefold increase in tumor cell
321  proliferation as response to R1881 treatment (TUppro = 0.1144 for R1881 versus 0.0389 vehicle
322  control; Supplementary Figure S2 for parameter optimizations). When adding fibroblasts in
323  silico to the culture under R1881 conditions, a slight reduction in in the growth rate is observed
324  without changing proliferation parameters, matching the corresponding experimental data
325  (Figure 3). This change underlines the predictive power for ABM stochastic modeling without

326  additional adjustments.

327 Co-culturing M1-polarized macrophages together with LNCaP and fibroblast, we
328 observed an in vitro strong decrease in tumor growth rate compared to LNCaP mono-cultures
329 and LNCaP + fibroblast co-cultures, while such an effect was less apparent in the hormone
330 deprived condition (Figure 3A). By simulating the same experimental condition (i.e. model with
331 LNCaP, fibroblasts and M1 macrophages) and optimizing PCABM’s M1 macrophage killing
332  probability (M1pi) based on these data, we found a 22-fold decrease in killing capacity in
333  hormone deficient (DCC+DMSOQO) versus hormone proficient (DCC+R1881) conditions (M1

334 = 0.005 and 0.1116 respectively; Figure 3B). In contrast, replacing M1-like for M2-like
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polarized macrophages did not result in a differential effect in growth curves between hormone

conditions both in vitro and in silico (Figure 3A,B).

Such cell culture growth dynamics could be reliably reproduced in silico using PCABM,
with different observed tumor cell proliferation and kill capacities in the hormonal conditions for
M2-polarized macrophages (TUpprol R1881=0.0389 and TUp0 DMSO = 0.1348; M2, R1881
=0.0223, M2 DMSO = 0.0348; Figure 3B, Supplementary Figure S3-4). Taken together,
these data suggest that PCABM accurately describes PCa cell proliferation potential and the

impact of R1881 treatment thereon, when co-cultured with different TME cell types.

Figure 3
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Figure 3: In vitro tumor cell proliferation and hormone response is accurately captured
by PCABM'’s optimized in silico parameters.

a) Incucyte data for different co-cultures in hormone deficient (DMSO, orange) and hormone
proficient (R1881, purple) conditions for sequentially LNCaP monoculture; LNCaP and
fibroblast co-culture; LNCaP, fibroblast and M1-polarized macrophage co-culture; LNCaP,
fibroblast and M2-polarized macrophage co-culture.

b) PCABM model behavior after parameter optimization in hormone deficient (DMSO, orange)

and hormone proficient (R1881, purple) in silico conditions for sequentially LNCaP
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351 monoculture; LNCaP and fibroblast co-culture; LNCaP, fibroblast and M1-polarized
352  macrophage co-culture; LNCaP, fibroblast and M2-polarized macrophage co-culture.

353  Data represent the average of three biological replicates, with six technical replicates each.
354  Error bars indicate standard deviation. Lines represent PCABM model output with the median
355  of optimized parameters over three biological replicates. Shading represents model output for
356  optimized parameters within interquartile range given by 50 optimizations for each biological
357  replicate.

358

359 PCABM predicts immunomodulatory effects of ADT on macrophages

360 Through PCABM parameter optimization we further estimated whether the hormone-
361  driven decrease of LNCaP cell growth in co-culture with M1 or M2 polarized macrophages was
362  tumor cell intrinsic or related to macrophage tumoricidal activity. For this purpose, we cultured
363 LNCaPs with macrophages but without the presence of fibroblasts and saw differences
364 compared to previous growth rates, with a clear tumoricidal effect for M1 macrophages
365 supplemented with R1881 (Figure 4A). Paradoxically, optimizing LNCaP TUpa in vehicle
366  conditions while using macrophage M1 and M1max that we previously optimized in hormone-
367  proficient conditions, resulted in higher predicted proliferation values (TUpprol DMSO = 0.1550;
368  TUppo R1881 = 0.1144, Figure 4B, Supplementary Figure S4). Since higher LNCaP TUpprol
369 is expected upon R1881 treatment, we optimized M1, while keeping LNCaP proliferation
370  constant on vehicle conditions (TUpprot DMSO = 0.0389), which resulted in an improved PCABM
371  fitto in vitro data with smaller mean square error (MSE) between data and model fit for all three
372 in vitro replicates (Figure 4B, Supplementary Figure S5). Importantly, R1881 conditions
373  increased M1, capacity 21-46 fold (M1pw DMSO = 0.005 in vehicle control; M1y R1881 =
374  0.2034). These PCABM optimizations suggest that changes in tumor cell viability upon
375 hormone deprivation are not solely dictated by decreased tumor cell proliferation but are also

376  impacted by M1 macrophage tumoricidal effects.
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377 To observe whether such an approach would also improve MSEs in the M2-polarized
378 PCABM, and whether M2-macrophage polarization has differential effects on the TME
379  compared to M1-polarized macrophages, we again optimized M2 while keeping LNCaP
380  proliferation constant to vehicle conditions (TUpprot DMSO = 0.1341), with  TUpmax DMSO = 5,
381  which only slightly improved PCABM fit and MSEs (Figure 4C, Supplementary Figure S5).
382 As expected, PCABM indicates that M2-macrophages exhibit less tumoricidal activity
383  compared to M1-macrophages and become tumor promoting in vehicle conditions, enhancing
384  predicted tumor growth (TUppro 2-3 fold increase) while decreasing tumor killing capacity (M2
385  2-4 decrease) relative to R1881 conditions (TUpprol DMSO = 0.0384 and TUpprot R1881 =0.1128
386  and M2pi DMSO =0.0219 and M2, R1881 = 0.0441; Figure 4C, Supplementary Table S2).
387 In co-cultures, we validated these findings with individually stimulated co-culture cell
388  constituents. For M1 co-cultures we observed that growth is significantly increased in hormone
389  deprived conditions, while for M2 co-cultures this effect is not present (Figure 4D). These

390 results suggest that ADT exerts an immunomodulatory effect on tumor cell killing.

391  Figure 4: PCABM predicts immunomodulatory ADT-mediated macrophage tumoricidal
392  effects. (Figure on next page)

393 a) LNCaP growth curve alone (left) or in co-culture with M1- or M2-macrophages (right) in
394  absence or presence of R1881.

395 b)) PCABM optimization for TUpproi and M1pq in DCC+DMSO (left) and mean squared error
396 (MSE) between experimental data and PCABM for M1:LNCaP TU yprot and M1 (right).

397 c¢) PCABM optimization for TUppro and or M2, in DCC DMSO (left) and mean squared error
398 (MSE) between experimental data and PCABM for M2:LNCaP TUpproi + TUpmax and TUpprol +
399 M2 (right).

400 d) Growth curve of LNCaP co-cultured with M1-macrophages individually stimulated with
401 DMSO or R1881 (left) and growth curve of LNCaP co-cultured with M2-macrophages

402  individually stimulated with DMSO or R1881 (right).
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Bars and error represent mean and standard deviation over MSE of 50 optimizations for

replicate 1. Dots represent average and error bars represent standard deviation of six technical

replicates. Lines represent PCABM output with the median of optimized parameters. Shading

represents model output for optimized parameters within interquartile range given by 50

optimizations.
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411  Spatial effects in the TME and differential macrophage tumoricidal capacities enhance

412  TME cellular dynamics

413 We next sought to investigate how the TME contributes to the emergence of CRPC.
414  Experimental data from castration resistant LNCaP-abl (androgen ablated) cells grown in
415 hormone deprived conditions was used to fit proliferation parameters for resistant cells
416  (Materials and Methods, Supplementary Figure S2). In contrast to LNCaP cells, in vitro
417  LNCaP-abl growth increases exponentially in hormone deprived conditions (Supplementary
418  Fig. S2C). Therefore, to mimic LNCaP-abl growth observed in vitro, we optimized a higher tumor
419  cell proliferation (TUpprores = 0.06) for resistant cells, which is almost twice that of LNCaP TUgpr
420 in hormone deprived conditions. Interestingly, LNCaP-abl cells readily form clusters of resistant

421  cellsin silico (Figure 5A), which is also observed when growing LNCaP-abl cells in vitro.

422 While the in silico addition of fibroblasts does not affect proliferation speed, there are
423  increased fibroblast directional migration effects towards tumor cells. These effects result in
424 increased hormone-sensitive tumor-cell cluster formation, which in turn is balanced by cellular
425  competition for space as fibroblasts take up growth space (Figure 5B-C). These data suggest
426  that not only the population growth of TME constituents, but that also the available TME space

427 is an important characteristic to describe the entirety of TME cellular growth dynamics.

428

429  Figure 5: CRPC simulations in PCABM with fibroblasts. (Figure on next page)

430 a) Growth of LNCaP and LNCaP-abl cells.

431  b) Relative growth of tumor cells seeded with fibroblasts at a 4:1 ratio

432  c) Relative growth of tumor cells seeded with fibroblasts at a 1:1 ratio

433  For all panels, PCABM (left) is compared to Incucyte (right) of co-cultures of LNCaP cells with

434 LNCaP-abl cells and fibroblasts.

435

19


https://doi.org/10.1101/2023.07.27.550792
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.27.550792; this version posted July 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

Figure 5

[=2]
1

—Non-resistant Tumor Cells
L |=—Resistant Tumor Cells

[5)]

L=
T

w
T

N
T

-
T

log(Relative tumor cell number+1)

[=]

50 100 150 200 250

0
Time (hrs)

“6r
pal
@

— 250
-~ S
=]

Py E 4 L
I S
o
2 £
L 2
@
@
- 2
= 3
o
K]

0 50 100 150 200 250
Time (hrs)
c

log(Relative tumor cell number+1)

0 50 100 150 200 250
Time (hrs)

437  Macrophage phenotype and influx play a critical role on resistant tumor cell growth

438 Next, we further enriched our in silico model, by including tumoricidal M1 polarized
439  macrophages in CRPC-PCABM, which has a repressing effect on both CRPC and hormone
440 responsive PCa proliferation speed. Since the number of tumor-resident macrophages vary
441  greatly between PCa samples?®5!, which can be partially explained by differences in tumor
442  volume and macrophage influx, we wondered how PCABM would respond to varying levels of
443  macrophages. When quadrupling the amount of macrophages to tumor cells, tumor cell

444  population extinction is quickly achieved in silico (Figure 6A,B). Interestingly, the addition of a
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445  large fibroblast presence seems to reduce macrophage tumoricidal effects (Figure 6B).
446  Conversely, M2-polarized macrophages significantly increase tumor cell proliferation, and
447  proportionally to a larger extent for CRPC as compared to hormone-sensitive PCa cells (Figure
448  6D,E). Additionally, when changing the ratios between tumor cells and M2-polarized
449  macrophages we observe a growth reduction of both resistant and hormone-sensitive tumor
450 cells (Figure 6D,E). Taken together, these observations demonstrate how a higher influx of
451  macrophages lead to tumor remission even in the context of resistant tumor cells, while

452  fibroblasts provide a protective niche for resistant tumor cells to proliferate in.

Figure 6
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453  Figure 6: CRPC simulations in PCABM with fibroblasts and either M1 and M2 polarized
454  macrophages.

455  a) M1 macrophages seeded with tumor cells and fibroblasts at a 1:4:1 ratio

456  b) M1 macrophages seeded with tumor cells and fibroblasts at a 1:1:1 ratio

457  ¢) M2 macrophages seeded with tumor cells and fibroblasts at al:4:1 ratio

458  d) M2 macrophages seeded with tumor cells and fibroblasts at a 1:1:1 ratio

459  For all panels, PCABM (left) is compared to Incucyte (right) of co-cultures of LNCaP cells and

460 LNCaP-abl cells, fibroblasts and M1- or M2-polarized macrophages.
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461 Discussion

462  Because AR plays a key role in PCa progression, patients with metastatic disease recurrence
463  are typically treated with AR-targeted therapeutics®?>®3. Since cells in the TME also express
464 AR, they are consequently also affected by ADT, which could affect cell-cell interactions. In
465  this work, we replicated ADT-conditions in silico in a PCa-specific ABM, which is able to model
466  the spatiotemporal complexity of prostate TME cell interactions in both hormone pro- and
467  deficient conditions. By implementing a simple set of stochastic assumptions, an intrinsically
468  organized, self-assembling TME cellular structure emerges in PCABM that resembles the
469  histology in PCa patient samples. Since PCa is multifocal in 60-90% of cases®, these
470  simulated tumor foci further underscore the ability of the PCABM to form clinically relevant
471  spatial patterns and suggest that the TME plays a critical role in the formation of multifocal

472 disease.

473 Our modeling assumptions were calibrated and refined using data from extensive in
474  vitro co-cultures, that incorporate cell proliferation and migration data. Because PCABM is
475  currently modeled only for LNCaP cells, it is currently limited in its ability to accurately replicate
476  PCa growth and development of CRPC. However, the model is adaptable to other AR-positive
477  PCacelllines, provided that in vitro data exists for calibration demonstrating its strength in that
478  the parameters are easily adaptable to other hypotheses. Multiple PCa cell lines have been
479  developed with a wide variety of proliferation kinetics and response to hormones, which may

480 lead to different PCABM results.

481 Recently, we found that AR plays a key-role in macrophage-mediated killing, being a
482  critical tumor-intrinsic regulator and preventing macrophages from Killing tumor cells in
483  androgen deprived conditions®. Fully in line with this, our PCABM predicts that ADT affects
484  the cellular behavior of both tumor cells and M1 macrophages, further solidifying our
485  observation that AR plays an immunomodulatory role in the prostate TME. Independent in vitro
486  experiments validated this, suggesting that ADT affects the differentiation of this cell type,

487  which may potentially stimulate tumor growth. Interestingly, the addition of fibroblasts to
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488  PCABM stimulates directional migration of both tumor cells and fibroblasts, resulting in a limited
489  amount of space around the tumor cells. In androgen proficient conditions such a proliferation
490 space will be severely limited due to high proliferation rates, whereas in androgen deficient
491  conditions, such an effect will theoretically be less pronounced due to decreased proliferation
492  rates of AR-responsive cells. These results suggest that fibroblasts block the access of M1
493  macrophages to tumor cells by their preferential clustering around tumor cells. Since
494  macrophages are able to kill tumor cells through cell-to-cell contact*®, fibroblasts may prevent

495  macrophages from completing their tumoricidal activity.

496 In addition, we modeled CRPC formation in PCABM and showed that resistant cells
497  form separate clusters due to the directional migration effects of fibroblasts. These findings
498  support the multifocality of PCa and further highlight the tumor-protective role of fibroblasts by
499 limiting the physical access of macrophages while creating a niche for tumor cells. Previously,
500 the amount of stroma has been shown to be inversely correlated with recurrence-free survival,
501  suggesting that stromal cells may protect tumor cells from being killed>>°¢. Supporting this, M1
502 macrophages decreased the growth of both androgen-sensitive and -insensitive PCa cells,
503 whereas M2 macrophages allowed castration-resistant tumor cells to rapidly take over the
504  TME. Recently, tumor-associated macrophages have been associated with PCa progression
505 after ADT'? and the development of CRPC8, which is supported by our findings on the
506 immunomodulatory effects of ADT and CRPC growth. These findings are also consistent with
507  our recent report, in which we showed that AR signaling in macrophages plays a critical role in
508 PCa migration and invasion through TREM-1 signaling and a concomitant upregulation of IL-
509  10%. In contrast, when AR signaling is blocked in CAFs, PCa cells migrate under the influence
510 of upregulated CCL2 and CXCL8 secretion?®. These studies further underline the tumor-driving
511  effects of the prostate TME induced by ADT, along with the differential intercellular interactions

512 in this context.

513 Technically, PCABM has been calibrated to in vitro time scales and data. For more in

514  vivo-like PCABM representations, longer pseudo timescales are needed, and the currently
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515 modeled pseudo timescales could be extended with long-term culture data, although long-term
516  culture has practical limitations. We approximated the prostate TME by including tumor cells,

517 fibroblasts and macrophages, which are the most abundant cell types in PCa**.

518 In conclusion, we present PCABM, an in silico tool that simulates and accurately
519 describes the functional interplay between prostate TME cells in hormone proficient and ADT
520 conditions and in the emergence of CRPC. Our findings suggest that targeting TME cell types
521  may provide a novel avenue for the treatment of CRPC, as different TME cell types influence
522  castration-resistant tumor cell growth. In future research, PCABM could be used to design
523  targeting strategies involving the TME to achieve optimal anti-tumor efficacy, which may serve

524  as a blueprint for implementation in other cancer types.
525
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