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Background: Immuno-oncotherapy has emerged as a promising means to target cancer. In particular, therapeutic
manipulation of tumor-associated macrophages holds promise due to their various and sometimes opposing roles
in tumor progression. It is established that M1-type macrophages suppress tumor progression while M2-types
support it. Recently, Tie2-expressing macrophages (TEM) have been identified as a distinct sub-population influencing
tumor angiogenesis and vascular remodeling as well as monocyte differentiation.

Methods: This study develops a modeling framework to evaluate macrophage interactions with the tumor
microenvironment, enabling assessment of how these interactions may affect tumor progression. M1, M2, and
Tie2 expressing variants are integrated into a model of tumor growth representing a metastatic lesion in a
highly vascularized organ, such as the liver. Behaviors simulated include M1 release of nitric oxide (NO), M2
release of growth-promoting factors, and TEM facilitation of angiogenesis via Angiopoietin-2 and promotion

Results: The results show that M2 presence leads to larger tumor growth regardless of TEM effects, implying that
immunotherapeutic strategies that lead to TEM ablation may fail to restrain growth when the M2 represents a sizeable
population. As TEM pro-tumor effects are less pronounced and on a longer time scale than M1-driven tumor inhibition,
a more nuanced approach to influence monocyte differentiation taking into account the tumor state (e.g., under

Conclusions: The results highlight the dynamic interaction of macrophages within a growing tumor, and, further,
establish the initial feasibility of a mathematical framework that could longer term help to optimize cancer

Keywords: Cancer immunotherapy, Cancer metastasis, Tumor-associated macrophages, Tie2 expressing macrophages,

Background

The role of tumor-associated macrophages (TAM) in
tumor growth [1] and treatment response [2, 3] has been
the subject of increased study. What has become clear is
that populations of TAM are diverse in both phenotype
and lineage [4, 5]. An increased presence of macro-
phages at a tumor lesion site is generally correlated with
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poor prognosis. The phenotypic range of TAM contrib-
utes in various ways to the tumor progression [1], includ-
ing tumor-promoting and tumoricidal phenotypes which
reflect the conflicting cues within the tumor environment.

The M1 extreme of the macrophage activation
spectrum is commonly associated with inflammatory
responses and tumoricidal activity driven by the expres-
sion of inducible nitric oxide (NO) synthase and the re-
lease of proinflammatory cytokines, which encourage
tumor cell apoptosis [6, 7]. Its presence in the tumor
microenvironment is correlated with reduced angiogen-
esis required to supply the increased tumor metabolic
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needs, and thus reduced tumor growth and survival [5, 8].
The relative proportion of the M1 macrophages generally
decreases with tumor progression. The M1 subtype is
identified by surface receptors CD14"*CD16™ [6].

The M2 or alternatively activated macrophages en-
compass a broader family of macrophages involved in
tissue healing under normal conditions. Within the
tumor microenvironment, they are recruited for tumor
progression [1], and generally comprise a larger portion
of the TAM in advanced tumors [1, 9]. Hypoxia-induced
factors such as VEGF-A, endothelin-2, and interleukin-
10 secreted in the tumor environment encourage differ-
entiation towards the M2 phenotype [10]. Within the
tumor microenvironment, M2 s secrete factors such as
TGE-B1 which facilitates cancer cell proliferation [5, 11],
VEGE-A which promotes angiogenesis and recruits add-
itional macrophages, and MMP-9 which facilitates
angiogenesis by degrading the extracellular matrix [1].
The proportion of M2 macrophages in the micro-
environment tends to increase with tumor progres-
sion. The M2 subtype is identified by surface
receptors CD14%™CD16" [5].

While the immune response may begin as primarily
tumoricidal, with macrophages of the M1 or classic-
ally activated type targeting tumor cells, cytokines se-
creted by the tumor exploit the relatively fluid
phenotype of the TAM to promote tumor growth and
survival [8] via the M2 subtype. A third, more re-
cently discovered subtype called Tie2 expressing
macrophage (TEM) develops from a distinct precur-
sor, and displays unique and non-redundant behaviors
highly relevant to tumor-induced angiogenesis [12, 13]
and post-ischemic recovery [14]. TEMs can be identified
by the expression of Tie2 on their surface which is also
found on the endothelial cells of blood vessels, where
they are integral to angiogenic pathways and develop-
ment [6, 15]. Tie2 is a transmembrane tyrosine-protein
kinase receptor regulating angiogenesis, including
endothelial cell survival, migration, and proliferation.

Recent research indicates that TEMs are recruited to
the tumor microenvironment at an early phase of devel-
opment. There, they are believed to play a pivotal
role in tumor neovascular development by activating
the “angiogenic switch” — a transition that occurs
when a tumor begins to recruit nearby vasculature
to supply its increased metabolic demands [16]. The
critical role of TEMs in tumor angiogenesis and
vascular remodeling [12, 13, 17] was shown by
increased TEM infiltration following administration
of anti-angiogenic agents [18] as well as the blocking
of the angiogenic factor angiopoietin-2 (Ang2), a Tie2
ligand associated with activated endothelial cells, leading
to tumor vasculature regression and arrested tumor
progression [19].
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The chief contribution of TEMs to tumor progression
appears to be facilitation of angiogenesis through struc-
tural and paracrine support. The macrophage’s titular
receptor, Tie2, binds the growth factors angiopoietin 1
and 2. In addition to having a direct chemotactic effect
on the TEMs [20] interactions with angiopoietins lead to
the upregulation of several factors necessary to angio-
genic processes, including MMP-9, CTSB, and IL-10,
not dissimilar to the role of the M2 subtype [20, 21].
However, TEMs have a more multifaceted involvement
in angiogenesis [12]. As well as upregulating these fac-
tors in TEMs, Ang2 acts as a chemoattractant, causing
the TEMs to congregate along the abluminal side of ves-
sels [22]. Here, TEMs are thought to directly facilitate
vessel sprouting by providing both a structural scaffold
and paracrine support for endothelial sprouts, aiding in
their growth [23], and preventing collapse due to the
high hydrostatic pressure associated with the tumor
microenvironment [15]. As a tumor grows and its meta-
bolic needs increase, TEMs continue to fill a supportive
role in the growth and maturation of the neovasculature
that supplies it with nutrients and oxygen [15]. In a
2008 study by De Palma et al. comparing a tumor model
with an intact and TEM-knockout population of tumor
associated macrophages, the tumors with an intact
population showed a four-fold increase in vascular
development in comparison to the TEM-ablated popula-
tion [12].

In addition to their more direct roles in facilitating
neovascular development, TEMs also contribute to the
cocktail of other tumor-friendly cytokines in the micro-
environment. IL-10 is an immune cytokine secreted
from most leukocytes, including macrophages, as well as
from tumor cells themselves [24]. It has pleiotropic ef-
fects in the tumor microenvironment, being implicated
in both suppression of tumorigenic cytokines such as IL-
6 [25], and in enhanced immune escape, poor prognosis,
and advanced cancer stage [25]. While IL-10 is known
to be upregulated in several cancer types, including
breast cancer [25], a consensus has yet to be reached on
whether it is a definitive indicator of tumor progression
and patient prognosis, as some studies have suggested
that its overexpression leads to subsequent immune
rejection of the tumor [26]. IL-10 also plays a role in in-
ducing infiltrating monocytes to adopt the tumorigenic
M2 phenotype [5]. Tie2-expressing macrophages are
known to secrete IL-10, and thus may contribute to the
increased ratio of M2 to M1 macrophages in the tumor
microenvironment.

The interplay of the various macrophage subtypes
within the changing tumor microenvironment presents a
relevant and challenging task which may benefit from a
systems analysis perspective. To this end, recent math-
ematical modeling and computational simulation work
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[11] has evaluated the uptake of nanoparticles by macro-
phages in the tumor microenvironment to gain insight
into implications for cancer treatment and drug delivery.
In this study, we develop a mathematical framework to
systematically evaluate the role of TEMs in relation to
M1 and M2 macrophage phenotypes on the growth of
vascularized tumor lesions. The TEMs are simulated to
differentiate from vascular-extravasated monocyte pre-
cursors, congregate around the abluminal side of the
vasculature in response to a chemoattractant gradient,
secrete cytokines which favor differentiation of a separ-
ate angiogenic macrophage subtype [27], and signifi-
cantly upregulate angiogenic activity and survival of
neovasculature.

Methods

Previous mathematical modeling work has explored critical
aspects of TAM activity. Owen and Sherratt [28, 29] pre-
sented a model in which macrophages entered the tumor
environment to selectively target tumor cells. Later models
were developed to simulate macrophages primed to destroy
cancer cells on contact [30] or by drug delivery [31]. In [32]
it was shown that effective macrophage targeting of hypoxic
tumor cells would benefit from non-cell-cycle dependent
drugs or limited-diffusivity. In [33] it was found that the
combination of conventional and macrophage-based therap-
ies using magnetic nanoparticles could be synergistic. In
[34] the role of tumor macrophage hypoxia inducible factors
(HIFs) in chemotherapy effectiveness was evaluated. Re-
cently, a model exploring the efficacy of nanoparticle
albumin-bound-paclitaxel (nab-PTX) using macrophages as
a delivery vehicle to target hypovascularized cancer
lesions was developed [11].

The computational model in this study builds upon
this recent work simulating generic TAM activity in the
tumor microenvironment [11], in which a breast cancer
lesion metastasized to the liver was simulated — under
conditions that are known to favor the recruitment of
TAM [35]. In [11], macrophages were utilized as a drug
vector, and their performance was evaluated experimen-
tally and via computational simulation. In [36], this sys-
tem was expanded to include M1 and M2 macrophage
variants in order to gauge their shifting role in the
tumor response to the drug therapy. Here, we do not
assume that drug is vectored by macrophages, and focus
solely on the effects of the various macrophage popula-
tion subtypes on the tumor lesion progression.

Briefly, the model is composed of a tumor lesion in a
2D grid of preexisting vasculature as previously de-
scribed in [11, 36—-39]. A spatial component is included
in order to model the movement of macrophages as well
as the transport of cytokines, and other substances in
the tumor microenvironment. We define macrophage
subtypes derived from bone marrow precursors, namely,
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the M1 and M2 subtypes, and add the TEM subtype as a
third population that promotes angiogenesis for tumors
lesions. Given that the monocytes are not biologically
active in the model, the simplifying assumption is made
that Tie2 expressing macrophages differentiate in the
tumor microenvironment from the same type of mono-
cyte precursor as the M1 and M2 macrophages. The
effects of the TEM phenotype on the environment are
modeled with the following characteristics:

e Increasing differentiation of Tie2-expressing macro-
phages from a monocyte precursor with tumor
progression

e Semi-stochastic movement of TEMs along a
chemoattractant gradient (Ang2) secreted by the
peritumoral vasculature, as well as a macrophage
attractant from the hypoxic regions of the tumor.

e The representative protein released by the TEMs is
modeled after IL-10 to examine the effects of
cytokine release in the context of
immunomodulatory activity.

e Increased M2 differentiation in response to
TEM-eluted IL-10 in the system

o Increased angiogenesis and resilience of tumoral
neovasculature due to local TEM presence

Tumor growth

The tumor growth model is based on Macklin et al. [37]
and builds upon recent work [11, 36, 38, 39]. Simulation
of tumor growth begins with a small lesion in a 2D grid
of blood vessels representing a regularly-spaced
(250 pm) capillary grid. The tumor progression is mod-
eled in discrete time increments, enabling evaluation,
updating, and recording of the tumor conditions. Advec-
tion of the tumor and advancement of its boundary are
subject to changes in the microenvironment such as
fluid pressure, diffusion of hypoxic proteins and other
angiogenic factors, and concentration of oxygen, glucose
and other vital nutrients (here, simplified as oxygen
only). Altogether, the tumor microenvironment may be
described in four regions based on oxygen and prolifera-
tion levels. These are:

e Necrotic region, Qy, in which oxygen levels are
insufficient for viability.

e Hypoxic region, Qy in which oxygen levels are
sufficient for viability but not proliferation.

e Proliferating region, Qp in which oxygen levels are
sufficient for proliferation.

e Normal (non-tumoral) tissue.

Tumor boundary advancement with velocity v,
through the porous extracellular matrix of the surround-
ing normal tissue is based on Darcy’s law [37]:
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Ve=-uVP+xVE (1)

where p is tissue mobility, encompassing the roles of
cell-cell and cell-matrix adhesion, P is the oncotic
pressure, Xg is haptotaxis, and E is the density of the
extracellular matrix. Via a simplifying assumption of
uniform density E in the proliferating tumor region,
the relationship between velocity change and tumor
growth is [37]:

Veve=1, (2)

where A, is the non-dimensionalized net tumor prolifer-
ation rate (described below).

As oxygen falls below a threshold for proliferation
regions distal from vasculature, hypoxic tissue regions
develop and release tumor angiogenic factors (TAF).
The TAF diffuse outward through the tumor and into
the surroundings, where they trigger endothelial cell
sprouts in the peritumoral vascular grid as well as vascu-
lar extravasation of macrophages, analogous to the ac-
tion of VEGF on macrophage recruitment to the tumor
[40]. If oxygen falls below a vital threshold, necrotic
tissue develops within the tumor. The tumor model
main parameters are listed in Table 1.

Angiogenesis and vascular development

The angiogenesis model, adapted from [37, 39, 41], de-
scribes the development and maturation of a tumor-
induced neovascular network, blood flow through the
network and the mechanical and chemical effects of
tumor proliferation on the growth, maturation, flow,
flux, and collapse of the surrounding vasculature. The
vasculature is simplified to a grid, from which irregular
new vessels sprout and grow in response to gradients of
factors and pressures produced by the tumor tissue. We

Table 1 Tumor model main parameters and associated values

Parameter Value Reference

Tumor tissue threshold for hypoxia 05750  Calibrated to match
(1

Tumor tissue threshold for necrosis 0.5325 Calibrated to match
(111

Oxygen diffusivity 10) 39

Oxygen transfer rate from vasculature 5() [39]

Oxygen uptake rate by proliferating 15 () [39]

tumor cells

Oxygen uptake rate by hypoxic 13() [39]

tumor cells

Oxygen uptake rate by tumor 0.12 [39]

microenvironment ()

Oxygen decay rate 0.35 [39]

() Value is non-dimensionalized by the diffusivity of oxygen [68]
(1x107° cm? s7")
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simulate a highly vascularized organ microenvironment,
e.g., as is the case for the lung or the liver, providing an
environment conducive to metastases formation.

As the tumor grows within the vascularized micro-
environment, cancer cells may experience heterogeneous
access to oxygen, glucose, and growth factors, which
may depend on distance from the nearest vascular
source as well as interstitial and oncotic pressures. Each
vessel sprout grows semi-stochastically, with the prob-
ability of growing in one of four directions weighted by
the presence of the TAF gradient produced by the hyp-
oxic tissue. The sensitivity of the vascular growth is
increased in response to contact with factors secreted by
the TEMs. The magnitude of this response was cali-
brated to correlate with the four-fold increase in vascula-
ture surface area found to result from TEM-eluted
factors by De Palma et al. [12].

The change AR in radii R of the vessels is modeled
according to pressures imposed by the movement of fluid
within them [37, 41-43],

AR = (Syss + Sp + Sm—Ss)R (3)

where S, is the local wall shear stress stimulus, S, is
the intravascular pressure stimulus, S, is the flow carry-
ing hematocrit stimulus, and S; is the natural shrinking
tendency of the vessel as a result of the properties of the
basal lamina. This natural shrinking tendency is a
constant value k; [44] unless the pressure Pc exerted
upon the vessel reaches a critical pressure Pcg at which
point the shrinking tendency increases proportionally to
the pressure with a rate kpc to simulate complete vessel
collapse, which may partially recover if the stress is
relieved [39]:

Ss = kg ngCSPCT (4)

S = ks + kpc(Pc_PCT) gf Pc > Pcr (5)

In our model, the effect of TEM proximity at a given
location is incorporated to provide a protective effect
on the neovasculature. Specifically, if a TEM is at an
adjacent matrix location to a blood vessel, then the
shrinking tendency of the vessel Sy iis drastically
reduced. Let 1tgy =1 denote TEM presence and let
lrgm =0 otherwise. The change in vessel radius is
then [37]:

AR = (Syss + Sp + Sm=Ss(1-11em) ) RAL (6)

Oxygen transport
Oxygen o is simulated to diffuse with a coefficient D,
from the location of the vasculature, and is supplied at

a [ o e
rates A,,, and A, from the neo- and pre-existing vascu-

lature, respectively. The oxygen is taken up by normal
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cells with a rate A7, and by tumor cells with a rate
A7 o i the proliferating region and g, in the hypoxic
region, and decays with rate A, in the necrotic region.

The formulation is [37]:

0=V-(D;Vo)-1°(0)o
+AZV(X, , lvesselapaa,h) (7)

o .
Atissue  outside Q)
Agmor in QP
q,(0) in Qp
Ano in Qp

27 = (8)

where X is position in space, t is time, 1,4, is the char-
acteristic function for the vasculature (equals 1 at vessel
locations and O otherwise), p is the tumor (solid) pres-
sure, and / is the hematocrit in the vascular network re-
lated to oxygen extravasation (following [37]). The
extravasation is modulated by the extravascular intersti-
tial pressure p; scaled by the effective pressure p,, with
kp, being the weight of the convective transport compo-
nent of small molecules [45]:

4 37 h - i i
Aev = Aevlvessel(xv t) <]7_D _hmin) (1_/(Pi %)

e

x (1-0) (9)

where 1), is the constant transfer rate from both
pre-existing and tumor-induced vessels. Constants Hp
and /iy, respectively represent normal and minimum
blood hematocrit required for oxygen extravasation. The
oxygen values are normalized with respect to the vascu-
lature, and hence range from O to 1.

Macrophages

Following [11, 36], monocytes are simulated to extravasate
from the vasculature in proportion to the local concentra-
tion of macrophage chemoattractants (e.g., pro-angiogenic
factors produced by hypoxic tumor tissue), and to prefer-
entially migrate towards tissue regions (e.g., hypoxic
tissue) along the increasing gradient of these chemoattrac-
tants. Monocytes undergo polarization into M1 or M2
subtypes in the vicinity of the tumor microenvironment
based on the concentration of cytokines released by prolif-
erating and hypoxic tumor cells (see Table 3 below).
Monocytes and macrophages are simulated as discrete en-
tities using a cellular automaton algorithm.

Since the number of cancer cells is a function of
tumor size, one can estimate that a 1mm?® tumor
lesion may contain up to 3 x 10° cells [46], with about
10% of these cells being macrophages. As in [11], we
conservatively assume that the number of macrophages
recruited to the lesion is ~25% of that observed in
vivo (2.78 x 10* macrophages/mm?).
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M1 macrophages were simulated to penetrate deeper
than the M2 subtypes into the tumor lesion to replicate
this effect observed in experiments [36]. This was mod-
eled as a concentric field of value 1 at the tumor center
and value 0 at the tumor boundary, selectively biasing
the M1 movement based on distance to the center of
the lesion.

Effects on tumor growth

The effects of macrophage variants M1 and M2 are
quantified by their secretion of nitric oxide and tumor
growth factors, respectively. This is simulated by the M2
subtype favoring tumor growth by lowering the thresh-
old for tissue to become hypoxic while the M1 subtype
counters this effect by secreting NO, which results in
tumor tissue death. Their effects 1,;; and Ay are incor-
porated into the proliferation term as follows:

non tumoral : 0

3 OQp (Am + Aar2)o—(Aa + Aann)

v QH /1M20‘—(/1A +AM1)
Qn

-Gy

(10)

where 1, is the tumor native mitosis rate, o is the local
oxygen concentration calculated via Eq. 3 and 1,4 is the
apoptosis rate due to natural tumor cell death. The non-
dimensionalized rate of cell degradation in the necrotic
region is Gp, which assumes that cellular necrotic debris
is constantly degraded and the associated fluid is re-
moved. The M1 cytotoxicity is modeled to affect both
proliferating (cycling) and hypoxic (quiescent) tissue,
since the death mechanism is assumed to be cell-cycle
independent.

The cytotoxic effect 15, of the M1 subtype is simu-
lated to affect tissue proportional to the release rate Ayo
of nitric oxide in the immediate vicinity of the macro-
phage (11), since nitric oxide has a short half-life in
vivo with limited diffusion distance.

A = Anolwn (11)

In addition to inhibiting tumor death, the presence of
the M2 growth factor has a positive effect on the prolif-
erating region as follows:

dha
dt

ZAFF(I—(AM -i-A,Mg)) (12)
where 1,, is the proliferation rate due to the concentra-
tion F of the diffusible M2 growth factor, which adds to
the native proliferation rate 1,;, and Ar is the effect of
the M2 growth factor on the proliferation. The prolifera-
tion effect due to 1, decreases as the net proliferation
(Aar + Aar0) approaches a maximum value of 1 day’l. M2
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macrophages can also stimulate the quiescent (hypoxic)
tumor cells to proliferate, albeit at lower rates than well
perfused tissue (see below).The tumor growth factor
concentration F secreted by the M2 macrophages
achieves a transient local lowering of the viable oxygen
threshold — the oxygen level below which tumor cells
die — as follows:

dQor
dt

- AOL : (l_F) : (GOL_QOL,current)_A'OT

- F- (QOL,current_QOL7 min)’ (13)

where Qg is the effective quiescence oxygen level, 1o
is the recovery rate of Qg; to the standard quiescence
oxygen level Qg;, QoL curren: is the current quiescence
oxygen level, F is the local concentration of M2 growth
factor (ranges from O to 1, dimensionless units), Ao7 is
the M2 growth factor effect rate on the lowering of the
viable oxygen threshold, and Qo i, is the lower bound
of the quiescence oxygen level. The effective oxygen
level is set to Qg if it exceeds Q;, and to Qo i if it
is less than Qo; ,uin-

Differentiation

Given the increased ratio of M2/M1 macrophages typ-
ical of tumor lesions, the role of TEM-produced IL-10
on the ratio of M2/M1 macrophage subtypes is modeled.
A target range of 0.32-5.23 for this ratio was used, to
match in vitro data for metastatic tumors in the liver
[47].

As monocyte precursors M¢ extravasate from the vas-
culature in the tumor region, they come into contact
with cytokines diffusing from the tumor interior and
the vasculature that influence their differentiation. The
concentration of factors, analogous to interleukins and
others that encourage differentiation of given subtypes,
influences the respective differentiation rate R,
dependent on the size of the interval that a randomly
generated number may fall into. Thus, the differentiation
probabilities depend on the concentration of factors:

Ran1 <k - Canyy (14)

Ryo*knrz - (Carog + krama - Cri1o)
Rrgm™ (k72 - Craf + kang2Cang2)

where kup1, ka, k1o are intensity coefficients tuned to
reflect the relative prevalence of M1 or M2 differentiat-
ing monocytes and Tie2 expressing macrophages infil-
trating the tumor, Cys15 Caras Ciz— 100 Cropand Cyy,g are
local concentrations of cytokines and other factors favor-
able to M1, M2, or TEM differentiation released by the
viable (proliferating or hypoxic) tumor regions, and k4,4
and ko are intensity coefficients to tune the effect of
Ang2 and II-10 favoring M2 differentiation, respectively.
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Cytokine production and diffusion

Assuming steady-state conditions, the overall mass
balance for a particular cytokine concentration C
(dimensionless units) produced by the viable (proliferating
and hypoxic) tumor regions is [48]:

0=V-(DcVC)

e (1-C)1o-1

C
+A production

—C
circulation Lyesser—A decay C
(15)

. . .. 5C 7C
\ivhere DC 1S dlfquIVIty and A’production ’ Acirculutian ’ and

Adecay —are the (constant) non-dimensional rates of
cytokine production, wash-out via circulation, and decay,
respectively. The values for concentration range from
0 to 1.

For all the diffusion equations, as well as the pressure
and angiogenic factors, zero Neumann conditions are
taken at the boundaries [37].

Movement

Monocytes and M1 and M2 macrophages migrate
through the interstitium guided by gradients of oxygen,
pressure, and chemoattractants. Movement in one of
four directions along the computational grid is deter-
mined semi-stochastically, similar to their differentiation
described earlier. The probability of movement in the
x + 1 direction is as follows:

Pyn = (Mo -AOg1 +Mp - APyyy + Mc - AChemoy1)
(16)

where Mo, Mp and M are intensity coefficients for the
influence of oxygen concentration, pressure, and chemo-
attractant on macrophage movement, and AO, , 1, AP, .
1 and AChemo, , ; are the difference in concentration of
the factor of interest from the current point to the direc-
tion in question. The same calculations are made for the
remaining three directions in the 2D Cartesian grid.
Each probability is divided by the total sum of the four
probabilities, and intervals are then defined proportional
to the respective magnitude of these scaled probabilities.
A random number ranging from 0 to 1 is generated, and
movement in a specific direction is determined based on
which interval the number falls into. If no interval quali-
fies, the macrophage remains in place. Although a
macrophage is allowed to share the same location on the
grid as a vessel, only one monocyte or macrophage can
occupy a grid location.

The method of movement for the TEM is also semi-
stochastic, but relies upon a different chemoattractant,
namely Ang2 gradients secreted by the neovasculature.
The probability is modeled as follows:

Px+1 = MAng . AAng2x+1 (17)
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where My, is the intensity coefficient tuned to scale
the response of TEMs to the angiopoetin2 concentration
gradient in each direction.

Parameter calibration

The values of macrophage-associated parameters are de-
fined in Table 2. These parameters were set to values in
the literature or calibrated so that the simulated tumor
growth would match experimentally measured values in
the literature. The cytokine characteristics are summa-
rized in Table 3, based on prior work that classified
protein diffusivity based on molecular weight [48]. The
wash-out rate into the vasculature, decay rate, diffusivity,
and production rate are shown for each cytokine in
Table 4. The concentration of IL-10 in pg/mL is calculated
by treating each pixel in the spatial model as a
3-dimensional voxel. Thus, the final concentrations for

Table 2 Description of macrophage-associated parameters
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IL-10 in simulations with the TEM subtype present are
within previously observed values of 5.6-37 pg/mL for
breast cancers of various TNM stages [49].

Numerical implementation

Details of the numerical implementation are described in
[39] and references therein. Briefly, to solve for the tumor
oncotic pressure and the diffusible elements (oxygen,
growth factors, cytokines, as well as tumor angiogenic fac-
tors and matrix-degrading enzymes included in the angio-
genesis model), the corresponding equations are discretized
in space using centered finite difference approximations
and the backward Euler time-stepping algorithm. The dis-
cretized equations are solved using a nonlinear adaptive
Gauss—Seidel iterative method [50, 51]. A ghost cell
method is used to implement the tumor pressure jump
condition at the tumor-host interface [51]. This system of

Parameter Description Value Reference

Physiological Parameters

% of macrophages per tumor total cells 10% Calibrated to match [11]
TEM-driven tumor neovasculature increase 4-fold 2]

TEM portion of differentiated macrophages 55-70% [13]

M2/M1 ratio in highly metastatic tumors 2.06 471

M2/M1 ratio in moderately metastatic tumors 0.77 471

Vessel Radius-Associated Parameters Related to TEM Effects

ks Natural shrinking tendency of vessel radius 224 [39]

Kec Response rate of radius to tumor pressure 0.76 [39]
Macrophage-Associated Parameters Related to Tumor Growth

M Tumor native proliferation rate (day”) 05 Calibrated to match [11]
Aot Recovery rate of quiescent oxygen level 0.05() Calibrated to match [36]
Aor M2 induced lowering viable O, threshold rate 200 /s Calibrated to match [36]
Avec Recovery rate of Aysto zero 0.10) Calibrated to match [36]
Ar M2 induced proliferation rate 1000 /s Calibrated to match [36]
ANO M1 nitric oxide induced death rate 3/s Calibrated to match [8]
Gy Cell degradation rate in the necrotic region 03() Calibrated to match [11]
Macrophage Differentiation Scaling Coefficients

Kan Differentiation of M1 macrophage 20 [36]

Ko Differentiation of M2 macrophage 20 [36]

kr Differentiation of TEM 8.21 3]

Kang2 Effect of Ang2 on TEM differentiation 0.95 Calibrated to match [1, 13]
Kroma Effect of IL-10 on M2 differentiation 0.006 Calibrated to match [47]
Macrophage Movement Scaling Coefficients

Mo Effect of oxygen on macrophage movement 1000 [11]

Mp Effect of oxygen on macrophage movement 350 (1]

Mc Chemotactic macrophage movement 500 (1]

Mang> Effect of Ang2 on TEM movement 1000 Calibrated to match [16]

2 -1

() Value is non-dimensionalized by the diffusivity of oxygen [68] (1 x 107> cm?s™")
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Table 3 Characteristics of the macrophage-associated cytokines used in this study. The M1f characteristics were chosen to be similar

to IL-6, while the M2f characteristics were chosen similar to IL-10

Cytokine Function Source MW (Da) Diffusivity (as fraction of TAF diffusivity)
M1f M1 differentiation Proliferating & hypoxic tumor cells 21,000 1

M2f M2 differentiation Proliferating & hypoxic tumor cells 18,606 3.7606

IL-10 TEM-eluted factor TEM 18,606 3.7606

T2f TEM differentiation Proliferating & hypoxic tumor cells 60,179 1

Ang?2 TEM chemoattractant Neovasculature ~70,000 0.26591

equations is iteratively solved together for the tumor
oncotic pressure and the concentration of diffusible ele-
ments (as well as interstitial fluid pressure and blood ves-
sel pressure in the angiogenesis component [39]) to steady
state at each timestep, i.e., the equations are discretized
implicitly in time. The level set method is used to update
the tumor viable/necrotic region and the interfaces be-
tween the tumor—host and tumor viable—necrotic tissue
regions. In the angiogenesis component, the vessel radii
are discretized explicitly, and the hematocrit level is calcu-
lated every few iterations. This hematocrit is modulated
by the blood flow and influences the extravasation of oxy-
gen from the vasculature. Further details regarding the
numerical implementation are in [37] and references
therein.

Results

Combinations of macrophage phenotypes

The tumor, vascular, and macrophage parameters were
first calibrated as described in Methods. The single and
combined effects of the three macrophage types on

Table 4 Macrophage-associated cytokine parameters based on
proteomic analysis in Frieboes et al. [48]

Parameter Function Value

X sotion Wash-out rate into vasculature 0.006 ()
Xsmy Decay rate 0001 ()
Dins Diffusivity for M1f 0.005 ()
Dupor Diffusivity for M2f 0.01880 ()
Di—10 Diffusivity for L-10 001880 ()
Dror Diffusivity for T2f 0.005 ()
Dang> Diffusivity for Ang2 000133 ()
Xg;;umon production rate of M1f 10"
jﬁguc“m production rate of M2f 10
Xi;;iam production rate of /-10 10"
’;fjmm production rate of T2f 10"
X;\,nf;umoﬂ production rate of Ang2 100

The same wash-out and decay rates apply to all cytokines, generically denoted
by C. (") Value is non-dimensionalized by the diffusivity of oxygen [68] (1 x 10
> ecm? s7Y). () Value is rescaled by the production rate of VEGF-A (VEGF -165)
protein, representing a typical TAF molecule

tumor growth were then evaluated in various cases, as
follows:

Case 1 Case2 Case3 Case4 Case5 Case6 Case7 Case8
M1 M1 M1 M1 (None)
M2 M2 M2 M2

TEM TEM TEM TEM

A case to match in vivo macrophage ratios [13] was
first run, with all three macrophage subtypes present
(Case 1). The other cases then examined the tumoral
response to the other possible population combinations.
Each case was observed over a simulated 13-day time-
span, and the results were compared with existing
experimental data. The number of monocyte precursors
infiltrating the tumor microenvironment changed dy-
namically in time based on the density of the vasculature
and the concentration of tumor angiogenic factors
(e.g., VEGF) released by the hypoxic tumor tissue. In
order to maintain consistent differentiation probabil-
ities for all the cases, monocytes differentiating into a
subtype absent in a particular scenario were rendered
to have no effect. In this manner, the pool of mono-
cyte precursors available to differentiate into the ef-
fective subtypes remained consistent across the cases
by making it dependent only on the changing tumor
conditions (size, vascularization, hypoxic tissue, etc.).

Tumor growth influenced by macrophage phenotypes

The tumor growth along with the associated vascular
development, oxygen, macrophage infiltration, and key
secreted factors, at 13 days post inception for Case 1 are
shown in Fig. 1. By this time the tumor has developed a
proliferating region, mostly on the periphery, surrounding a
hypoxic interior. The extravasation of monocytes and
subsequent macrophage differentiation into M1, M2, or
TEM phenotypes is triggered by the release of macrophage
chemoattractants (e.g, TAF) from the tumor hypoxic
tissue, as well as by the concentration of Ang2 secreted by
the neovasculature, favoring monocyte differentiation into
TEM (Eq. 14). The monocyte infiltration began when the
lesion reached 200 pum in diameter (7.35 days post
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the TEMs to accumulate by the vessels. Each panel represents 4 mm?

Macrophage
Tumor Oxygen 1 Chemoattractant
A 9
Monocytes M1 Macrophages © M2 Macrophages 0
. Bl
Tie2 Macrophages IL-10 1.7 pg/mL  Angiopoietin-2

Fig. 1 Tumor growth by 13 days with TEM and M1 and M2 macrophage subtypes present. Top left: Tumor with proliferating regions in red and
quiescent in blue. Vessels here are shown as black lines, with preexisting vessels comprising the grid space and angiogenic vessels depicted as
irregular offshoots. Top center: Oxygen gradient, showing hypoxic conditions in the tumor interior. Top right: Macrophage chemoattractant,
(e.g., tumor angiogenesis factors) secreted by the hypoxic tissue of the tumor. Middle left: Monocytes extravasated from the vasculature.
Middle center: M1 macrophages shown in red. Middle right: M2 macrophages shown in red. Bottom | eft: TEMs shown in red with vasculature
superimposed in gray. The Angiopoietin-2 secreted by the vasculature has caused the TEMs to cluster around the neoangiogenic sprouts. Bottom center:
IL-10 secreted by the TEM, which favors monocyte differentiation into M2. Bottom right: Angiopoietin-2 secreted by the neovasculature, which attracts

inception), at the onset of hypoxia. The M1 subtypes are
mostly concentrated within the tumor lesion, while the M2
subtypes are more spread in the immediate periphery as a
consequence of the monocyte contact with the TEM-eluted
factor. Following the gradient of Ang2, the TEMs preferen-
tially cluster around angiogenic vessels, where they hinder
vessel shrinking and collapse due to increased pressure of
the growing tumor, as expressed in Eqs. 4—6. This vessel re-
lief enables the tumor to have increased access to oxygen
and nutrients. Meanwhile, the TEM secretion of IL-10
favors monocyte differentiation into the M2 subtype, as
described by Eq. 14.

The tumor and associated macrophage parameters
on day 13 when the M1 subtype is removed from the
system (Case 4), leaving only the possibility of M2 or
TEM phenotypes, are shown in Fig. 2. Unhindered by

the M1 cytotoxic effect, in this case the tumor is able
to grow larger than the case when all subtypes are
present (Fig. 1). In contrast to this situation, Fig. 3
illustrates a substantially smaller tumor when the M2
subtype is removed and only the M1l and TEM
subtypes are present (Case 2). This case is not as
favorable for tumor growth as might be expected, as
the TEM pro-tumor effects are less pronounced and
on a longer time scale than the M1 cytotoxicity. This
is confirmed when both M1 and M2 phenotypes are
removed and only the TEM are present (Case 7), as
shown in Fig. 4.

Ratio of macrophage phenotypes
As the tumor grows in time, the number of macrophages
changes dynamically based on the concentration of the
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Fig. 2 Tumor growth by 13 days with both TEM and M2 macrophage subtypes present (same description of panels as in Fig. 1). The M2 macrophages
penetrate into the tumor following the gradient of macrophage chemoattractants, with their distribution more scattered than the M1 in the vicinity of
the tumor due to the monocyte contact with the TEM-eluted IL-10. The tumor is substantially larger than in Fig. 1, and has more hypoxia
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relevant cytokines, which, depending on the cytokine, is
coupled in the model between the macrophages, the tumor
and the vasculature, as described in the Methods. The
proportion of different macrophage types during the tumor
growth is shown in Fig. 5. When present, Tie2 expressing
macrophages differentiating from the monocyte precursors
became in all cases the majority subset in the tumor
environment (77% for M1/TEM, 78% for M2/TEM, and
56% for M1/M2/TEM), matching in vivo data [13].
Without TEM, the M1:M2 ratio stabilized at 1.2:1.0. This
ratio is half the median ratio for highly metastatic tumors,
and within the normal range for more benign tumor
populations [47]. The secretion of IL-10 when TEM were
present shifted the M1:M2 ratio as high as 1.0:2.2 - a ratio
more consistent with highly metastatic tumors [47].

Vascular development influenced by macrophage
phenotypes

Due to the protective clustering around angiogenic
vasculature, cases with the TEM subtype had notably

greater vascular development compared to the TEM-
absent cases (Fig. 6a), with two exceptions. The M1/
TEM model elicited less vascular development than
that of the macrophage-absent scenario, due to the
M1 tumoricidal effect curtailing the tumor growth,
while the M2-only case achieved the largest intratu-
moral vascularity other than the M2/TEM, which is
due to the promotion of tumor growth by the M2
subtype. Comparing the case of M1/M2/TEM to M1/
M2, in which TEM is respectively present and ab-
lated, a 4.6-fold increase in tumoral vasculature is ob-
served by day 13. This is greater than the four-fold
increase found by De Palma et al. in an analogous
study in vivo [12]. However, this may be expected as
the macrophages in the simulation continue to enter
the environment, replenishing the macrophages that
die, whereas the in vivo study used a single bolus
dose which was not replaced in the TEM-absent mice.
For comparison, the M2/TEM case had 1.9-fold more
vasculature than the M2-only, while the M1/TEM
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Fig. 3 Tumor growth by 13 days with both TEM and M1 macrophage subtypes present (same description of panels as in Fig. 1). The M1 macrophages
penetrate into the tumor following the gradient of macrophage chemoattractants while the TEM remain close to the neovascular network. The tumor

1.7 pg/mL

case had 4.9-fold more vasculature than the MIl-only
scenario.

Analysis of tumor growth over time

The TEM subtype protective effect on angiogenic vessels
and promotion of M2 differentiation in concert had a
noticeable effect on the tumor progression (Fig. 6b).
While all cases achieved a size that at least transiently
rendered the interior portions hypoxic, only those with
the TEM or M2 subtypes were able to achieve continued
growth through the end of the simulation. The case with
all three subtypes yielded 18% increase in tumor radius
over the TEM-ablated model by day 13 of the simula-
tion. The M2 scenario exhibited the largest growth, des-
pite the development of hypoxic and necrotic regions
within the tumor lesion. All TEM-ablated cases without
M2 showed a plateau in growth around Day 11. The
presence of the M2 enabled the tumor to overcome the
absence of the TEM and mitigate the tumoricidal effect
of the M1, as shown by the case with M2-only eliciting

the second-highest overall growth and the case of M1/
M2 showing continued growth, respectively. The case
with Ml-only showed a more dramatic plateauing of
growth, consistent with findings of M1-only in vivo [8].
The extent of vascularization and the tumor growth by
day 13 are summarized in Fig. 7. While the M2/TEM case
had twice the vascular area of the M2-only case, the latter
exhibited the largest growth. This indicates that the M2
growth-promoting effect is more potent due to a tumor pro-
liferative response that is more rapid than the vasculature-
stabilizing effect of the TEM. This is supported by the obser-
vation that the tumor growth with M1/M2 was 24% larger
than the M1/TEM case, even though the vascular develop-
ment with M1/M2 was only 47% that of the M1/TEM case.

Tumor growth dependent on macrophage-influenced
vascularization

The ratio of tumor vascular volume to tumor tissue
volume evolving in time (Fig. 8) shows, as expected,
that the cases with TEM present had the highest
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Fig. 4 Tumor growth by 13 days with only the TEM subtype present (same description of panels as in Fig. 1). In this case, the size of the tumor
and its associated hypoxia lie in between the TEM/M2 and TEM/M1 cases

ratios by 13 d, with the TEM-only case having the
highest (7.2 x 10™*). The lowest ratio was for the M1/M2
case (1.5 x 107*). The presence of the M2 subtype lowers
these ratios because the stimulation of proliferation by
M2 macrophages is faster than vascular development
driven by the TEM. Interestingly, the ratio for the case
with M1/M2/TEM first peaks on day 10 at 5x107*
and then declines to 3.9 x 10™* by day 13, suggesting
a sequence of initially higher vascular development
followed by increasing tumor volume. The ratio for
the M1/M2 scenario also slightly declines after peak-
ing at 2.3x107* on day 8, implying a progressively
increasing tumor volume, while the Ml-only case
declines to 1.6 x10™* by day 13 due to the combi-
nation of shrinking vasculature as well as tumor
volume. All the other cases appear to plateau to con-
stant ratios (M2 to 1.9 x 10™% M2/TEM to 2.7 x 1074
M1/TEM to 5.8x107% and with none to 2.8 x 107%),
which are values consistent with previous modeling
work evaluating tumor growth as a function of
vascularization [52].

Discussion

This study employed mathematical modeling to explore
the tumor-promoting and tumor-inhibiting roles of three
major TAM subtypes, namely, the M1 cytotoxic, the M2
tumor growth-promoting, and the TEM vasculature-
stabilizing phenotypes. Model parameters were cali-
brated to biologically-relevant values. A small, hypo-
vascularized lesion was simulated growing in a highly
vascularized microenvironment, such as in the lung or
the liver, and the tumor growth, vasculature remodeling,
and the macrophage activity were coupled. The results
show that all cases with the M2 phenotype led to larger
tumor growth regardless of TEM presence or not. The
implication is that immunotherapeutic strategies leading
to ablation of the TEM phenotype may provide limited
benefit to restrain this growth when the M2 macro-
phages represent a sizeable population. On the other
hand, the vasculature-stabilizing effect of the TEM could
perhaps be leveraged to achieve more homogeneous
chemotherapy penetration into the tumor tissue, which
is a notorious challenge presented by hypo-vascularized
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Fig. 5 Time evolution of the macrophage sub-populations depending on the type of the sub-populations. Left column (from top to bottom):
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tumor lesions [11]. This suggests the intriguing possibil-
ity that an immunotherapy that promotes monocyte
differentiation to TEM during chemotherapy followed
by therapy that ablates both TEM and M2 phenotypes
during intervening cycles could represent a more
optimal strategy.

Given the ability of tumors to educate infiltrating
macrophages to a tumorigenic subtype, methods of
countering this may prevent tumors from harnessing the
body’s most potent effectors of tissue remodeling as has
been previously suggested [53]. According to this
paradigm, therapies which primarily inhibit monocytes
and macrophages that infiltrate the tumor environment
would not be ideal as they would fail to utilize the
inherent tumoricidal activity of M1 macrophages.
However, the modeling results indicate that there is a
wide separation of time scales in the actions of the M1,
M2 and TEM macrophages. In particular, the TEM pro-

tumor effects are less pronounced and on a longer time
scale (days/weeks) than the M1 tumor-inhibiting effects
(minutes/day). Thus, a more finessed approach to influ-
ence monocyte differentiation that takes into account
the state of the tumor (e.g., under chemotherapy or not)
may be desirable.

Since the TEM phenotype is also implicated in the
facilitation of cancer metastasis by degrading the ECM and
guiding metastatic cells to the vasculature (e.g., as observed
with breast cancer [54]), selective and timely blockade of
this subtype from the tumor microenvironment may be
essential to successfully halt and reverse the progression of
cancer in patients [13]. The invasiveness-promoting action
of the TEM subtype may in part explain the pitfalls seen in
the use of VEGF inhibitors [55]. Due to the tendency, in
some cases, of inhibited tumoral blood supply to lead to in-
creased tumor spread through fragmentation and migration
of tumor cells, preventing the vasculature from growing
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towards the tumor could force a more malignant and
metastatic phenotype, as has been observed experi-
mentally [56-59], clinically [56], and predicted by
mathematical modeling [60-62]. Given that TEMs
differentiate from a monocyte precursor distinct from
the M1 and M2 subtypes, the possibility of TEM-
specific therapies may present a viable approach to
influence tumor behavior [63].

Future work will explore the interaction of tumor and
macrophage effects during treatment. Therapy could be
delivered systemically as free drug or encapsulated in
nanovectors, as previously simulated [64—66], or its
delivery to the tumor site could be targeted by TAM
uptake and release [11, 36]. Pharmaceutical ablation of
tumor-promoting subtypes while supporting tumor-
inhibiting phenotypes could provide nuanced thera-
peutic options. The combination of various modalities
could be explored via the modeling framework presented
herein, as such options may be difficult to evaluate solely
through experimental observation. To the extent that
current oncology treatment options, such as chemother-
apy and immunotherapy, favor one or more macrophage
subtypes over other ones, the results of this study would
be applicable in projecting how the resulting proportion
of subtypes may influence the tumor progression and ul-
timately the response to the therapy.

As this work represents an initial implementation,
incorporation of additional biological details may
provide enhanced modeling capability. It was recently
reported that Programmed Cell Death Protein 1 (PD-1)
expression by tumor-associated macrophages inhibits
tumor immunity [67]. It was observed that almost all of
the PD-1-expressing TAMs were of the M2 subtype, and
that their proportion increased significantly with the dis-
ease stage. The simulation of PD-1 expression by TAMs
in this model would be expected to facilitate tumor
survival by potentiating the tumor-promoting effect of
the M2 macrophages, which would also indirectly influ-
ence the TEM activity. Further, the addition of a stromal
component dependent on ECM production and remod-
eling would affect the transport of oxygen and nutrients,
as well as the diffusivity of tumor- and macrophage-
released cytokines, which in turn would affect the TAM
response. A denser ECM, for example, could impede the
diffusive transport while also potentially limiting the tu-
mor’s growth pattern. The modeling of primary instead
of metastatic lesions could be represented by changing
the host vasculature pattern and macrophage subtype
populations to match that of specific organs, as well as
simulating potentially larger tumor masses. Such bio-
logical details would be required to adapt the model to
different cancer types, for which the defining character-
istics would include particular tumor growth, vascular,
stromal, and immune conditions to be calibrated with
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the associated model parameters. With input of patient
tumor-specific information, such as size, vascularization,
and macrophage presence, this framework may in the
longer term serve to determine optimal therapy regi-
mens leveraging the bodys immune response to
cancerous lesions.

Conclusions

This work provides a modeling platform for system analysis
of the potent and varied effects of the macrophage
activation spectrum on the tumor microenvironment,
with the goal to complement current cancer therapy
design. The results of this initial implementation show that
TEM ablation as an immunotherapeutic strategy may fail
to restrain growth when the M2 represents a sizeable
population. Further, an approach that leverages the
vasculature-stabilizing effect of the TEM during chemo-
therapy may be desirable.
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