Chapter 2

The Host Support Niche as a Control Point
for Tumor Dormancy: Implications for Tumor
Development and Beyond

Philip Hahnfeldt

Abstract An increasingly appreciated focus of carcinogenesis research is on
mechanisms governing tumor growth after the fact of cancer cell creation. Of par-
ticular interest are dynamical interactions between tumor and host cell populations
that can themselves strongly impact the fate of established cancer lesions. Regardless
of tumor type, all cancers face the common problem of having to breach the barrier
of angiogenic competency in order to advance from a microscopic lesion to symp-
tomatic disease. If pre-angiogenic tumor cells are held in dormancy due to cell cycle
arrest, this will postpone the need to traverse this higher-level barrier. On the other
hand, the barrier itself may prove limiting to a tumor at its diffusion-limited size,
creating a population-level dormancy characterized by balanced proliferation and
cell death. In both cases of dormancy, the “angiogenic switch” has not yet occurred.
We here describe and mathematically quantify an underappreciated third dormancy
state defined by an angiogenic balance following the angiogenic switch. In this state
we term “post-vascular dormancy,” a tumor has attained angiogenic competency,
but again demonstrates balanced proliferation and cell death because ambient pro-
and anti-angiogenic influences are offsetting. Interestingly, autopsies have shown
virtually all of us carry latent tumors in pre- or post-vascular states, many of which
lie under the threshold of routine clinical detection. We show how, in the post-vascular
case, tumor latency can arise from an elaborate mechanism of self-controlled growth,
mediated through the tumor—vascular interaction. Underlying this observation is the
finding that a tumor produces both angiogenesis stimulators and inhibitors, with the
latter having greater influence, both locally and systemically, as the tumor grows—a
mechanism we hypothesize is an aberrant co-option of normal organogenic regulation.
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That a tumor can limit its own growth raises the prospect that chronic therapies
aimed at suppressing this tumor—host dynamic may compare favorably to current
strategies which often yield favorable short-term responses but fail to deliver long-
term tumor suppression.

Keywords Angiogenic balance ®* Tumor—host dynamics ¢ Organogenic regulation
* Post-vascular dormancy ¢ Carrying capacity * Logistic growth ¢ Stable disease

Introduction

Against the backdrop of intra- and inter-tumor heterogeneity and genomic instability
that are hallmarks of carcinogenesis [1-3], uncovering unifying principles of action
that underlie the complex nature of cancer would seem improbable. Yet, there is
abundant evidence that tumors are exquisitely dependent on their host environment
to manifest the malignant phenotype. The classic experiments of Illmensee and Mintz
[4] showed that teratocarcinoma tumor cells can phenotypically revert to contribute
to normal mouse development when inserted into blastocysts. More recently,
Bhowmick et al. [5] showed that the loss of TGF-beta responsiveness in adjacent
fibroblasts can result in prostate neoplasia and invasive squamous cell carcinoma of
the forestomach. These events show, respectively, that an aberrant, unstable genome
is not inconsistent with controlled phenotypic behavior, while conversely cells with
no prior overt oncogenic alteration to their genomes can go on to exhibit malignancy.
These and other findings [6, 7] demonstrate an overriding ability of the tumor niche
to control tumor development. Perhaps the best evidence for the potent role of the
tumor/microenvironment dynamic in controlling growth of established tumors comes
from the finding that nearly all adults harbor indolent tumor lesions [8, 9]. As the
sizes of many of these tumors lie at or somewhat beyond what diffusion of nutrients
could accommodate, both pre- and post-vascular forms are likely represented, under-
going balanced proliferation and cell death [10-13] as they await an environmental
alteration favoring net growth. Such an alteration could come from increased angio-
genic induction by the tumor. But host response is not simply one of accommodating
pro-growth tumor cues. Instead, the tumor plays an elaborate role in influencing
whether the niche permits or denies tumor growth. Kaplan et al. [14] showed that a
certain class of vascular endothelial growth factor receptor-1-positive hematopoietic
progenitors must first be recruited by the primary tumor to initiate the “pre-metastatic
niche” before a tumor metastasis can seed there and develop. Previously, the revela-
tion that tumors produce both stimulators and inhibitors of angiogenesis [15, 16] had
already pointed to a potentially complicated tumor control dynamic. Exploring this
possibility, we have shown that tumor growth can be controlled rheostatically by
shifting the balance between tumor-derived angiogenesis stimulators and inhibitors
[17]. Moreover, as the inhibition is shown to be systemic in scope and would eventu-
ally dominate for large enough tumors, we have gone on to propose the tumor-metastasis
system should also exhibit asymptotic self-control. This organized growth has
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profound implications for the nature of oncogenesis and treatment. Among these is
the notion that chronic therapy designed to maintain a cancer as “stable disease”
indefinitely might have decided advantage as a therapeutic recourse in those instances
where strategies with eradicative intent have typically fallen short of their mark.

The Bottlenecks of Tumor Dormancy

Histologically confirmed tumors may fail to progress beyond a certain size for a num-
ber of reasons. The first to be proposed is the “dormant cancer cell,” a hypothesis
advanced by Willis [18] to explain discrepancies between natural progression and
observed tumor latency, i.e., the time to recurrence following surgery. The effect has
variously been attributed to extended mitotic arrest of tumor-propagating cancer stem
cells and their progeny (Fig. 2.1a) [19, 20] and immune response [21, 22]. But inter-
ruptions to growth may also occur at the population level. As mentioned, a major bar-
rier to tumor development can be the natural impediment of diffusion-limited nutrient
availability. For non-angiogenic tumors, this causes them to become dormant at less
than a millimeter or so in size, as cells must lie within ~200 um or so of the nearest
capillary to be adequately nourished. One way this might be realized is through the
balanced creation and death of cancer stem cell progeny (Fig. 2.1b). In addition, for
those somewhat larger tumors that already evidence a vascular contribution, we pro-
pose that a limitation can be the failure to stimulate the additional vascularization
required for continued expansion (Fig. 2.1c). Both types of dormancy would be
classified as population-level because the cells themselves are quite active, proliferat-
ing and dying at balanced rates [10—13]. Apparently, tumors held in one or the other
form of population-level dormancy are much more prevalent than overt clinical can-
cers [8]. Further, it is clear many of these dormant cancers will not progress sufficiently
rapidly to ever pose a disease threat [8, 9]. Indeed, in the Mayo lung cancer screening
trial, consisting of chest X-ray and sputum cytology testing [23], chest X-ray and spu-
tum testing over 6 years detected 143 lung cancers (90 specifically by screening plus
53 in connection with clinical procedure) compared to just 87 in the control group. Ten
more cancers were detected over the next 5 years in the control group, leaving a differ-
ence of 46 cancers that persisted over a 16-year follow-up [24]. Similar disparities
between prevalence and clinical incidence have been observed in breast cancer. In a
consecutive autopsy study of 110 women [25], histologically confirmed breast cancers
were detected in 39% of women in the age 40-50 cohort, while only 1% of women in
this age group actually suffer from the disease. These results underscore the power of
the tumor—host interaction to impede the course of even confirmed cancers.

At the same time, there is no guarantee a given lesion will remain nonthreaten-
ing. Almog et al. [26] have shown that a non-angiogenic clone of human liposar-
coma can escape dormancy after an extended period (~130 days). In their islet cell
RIP-Tag model, Hanahan and Folkman [27] also found a certain percentage of non-
angiogenic tumors would spontaneously convert, i.e., “switch,” after 13 weeks.
Considering stages of advancing pancreatic disease, we showed at the molecular
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Fig. 2.1 (a—c) Three scenarios for tumor dormancy. In Scenario 1, cancer cells are arrested in GO/G1.
As the population cannot proliferate, the barrier of angiogenic competency is not tested (the “car” is
off). Simple diffusion remains adequate to sustain the population. The population is considered
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level that as disease transits from chronic pancreatitis to pancreatic cancer to metastatic
disease, there is a progressive upregulation of the large class of pro-angiogenic
genes, with a simultaneous downregulation of a class of anti-angiogenic genes [28].
The work demonstrated that the angiogenic switch may be triggered over the course
of an en masse pro-angiogenic regulation by the tumor of a large network of normal
genes associated with vascular control. The extent of genetic involvement in the
switch would be consistent with a finding by Indraccolo et al. [29], who showed that
a more intense pro-angiogenic stimulus may be required for a pre-vascular lesion to
breach the diffusion limitation barrier than is required to drive a post-angiogenic
lesion after the fact (Figs. 2.1b,c). If so, this does not appear to be an obstacle that
limits growth of subsequent metastases. The frequent observation of explosive
growth of pre-vascular metastases after excision of the primary [15, 30, 31] is com-
paratively easy to reconcile with the idea that the loss of primary tumor-derived
angiogenesis inhibitors is sufficient to release the metastases from dormancy. In this
scenario, no second burst of angiogenic activity at the pre-vascular metastatic sites
is required. On the other hand, it may be argued that the metastatic sites have already
been pre-conditioned so as to obviate the need for the burst [14]. A second possibil-
ity for why a pre-vascular lesion may need more angiogenic stimulus is because it
is nowhere near the tipping point of angiogenic balance in the first place, so that
induction of angiogenesis may require more stimulatory upregulation than would
otherwise be required for growth after a switch. In any event, escape from pre-
vascular dormancy arguably constitutes a major step in cancer progression. At the
same time, there is no reason to think the original notion of angiogenic balance in
the post-switch context has now become irrelevant—in fact, the meaning becomes
more important than ever.

The Post-vascular Dormant Tumor

Inherent in the notion of a post-vascular dormant tumor is the notion of an ongoing,
balanced expression of angiogenesis stimulators and inhibitors in the tumor milieu.
Putting this another way, a dormant tumor that has switched at the level of a pre-
vascular lesion could in principle be restored to a dormant status as a larger, post-vascular

<
<

Fig. 2.1 (continued) pre-vascularly dormant at the cell level. In terms of an angiogenic balance, just
where the population is relative to the tipping point is unspecified. In Scenario 2, there is no cell cycle
arrest, but cells are proliferating and dying as the population attempts to breach the angiogenic com-
petency barrier (the “car” is running and pushing against the barrier, but cannot surmount it). The
population cannot grow, and so is considered pre-vascularly dormant at the population level. Again,
while the population awaits angiogenic competency, it still remains unspecified how close it is to
actually crossing the switch. In Scenario 3, the population has previously attained angiogenic com-
petency and breached the angiogenic switch barrier. Because it is now equipped with vasculature and
in a position to readily grow or regress in response to either a net pro- or an anti-angiogenic stimulus
(the “car” is free to move forward or backward in response to any forward or reverse throttle), a state
of neither growth nor shrinkage (stable disease) implies an angiogenic balance
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lesion through a suitable re-balancing of factors in the niche (Fig. 2.1c). If this were
to happen spontaneously, or if the tumor/niche system were to hover at the point of
angiogenic balance for prolonged periods of time, larger but dormant or very slowly
growing variants of many clinical tumors should be observable. Such is the case. In
the breast cancer microlegal autopsy study of 110 women aged 20-54 years [25],
20% had occult tumors, with some reaching >5 mm in size, well beyond the size
where vascularization would be required. In a directed study of growth rates of 147
breast cancers based on mammography scans, von Fournier et al. [32] found a
remarkable distribution of doubling times, ranging from 44 to 1,869 days. Tumors
at the higher end would be considered dormant by most standards. Moreover, at
detection, the mean diameter of the 147 tumors was 17 mm (95% confidence limits:
15—-18 mm), so the dormant and slow-growing lesions observed were certainly post-
vascular. These data suggest that a tumor that escapes pre-vascular dormancy by
undergoing an angiogenic switch [10, 26, 27, 33] may potentially remain near or be
restored to a dormant or near-dormant state, even as a post-vascular lesion. This is
important from the standpoint of competing risks, in the sense that the growth may
be slow enough for the tumor to no longer pose a risk of compromising morbidity
or survival in that person’s lifetime (Fig. 2.2) [9].

Nevertheless, the potential for macroscopic, post-vascular dormancy remains to
be recognized in the general literature. This is especially curious given that the con-
cept of angiogenic balance [34] has often been used to characterize pre-vascular
dormancy (e.g., [13]), a state where the proximity to the precise tipping point of
angiogenic induction is quite unclear (Fig. 2.1a, b). In point of fact, the concept may
better apply to what Kerbel and Folkman [35] have termed “stable disease.” This is
a form of clinically evident dormancy that, because it already possesses a vascular
component poised to expand or shrink in response to even slight shifts in the angio-
genic state of the microenvironment, is more arguably in a state of angiogenic bal-
ance (Fig. 2.1c¢).

A Dynamic Carrying Capacity Representation
for Angiogenesis-Dependent Tumor Growth

In a typical ecological system consisting of a population and a defined level of envi-
ronmental support, various quantitative relationships, including the Verhulst equa-
tion and its logistic variants, have been used to describe population growth over
time [36]. These generally show the population size V(#) to be exponential initially
(reflecting abundant support vs. demand), but later to exhibit growth deceleration in
the form of an asymptotic approach to some final value K. K reflects the maximum
population size the environment can support, otherwise known as the carrying
capacity of the environment. Models generally presume the level of support K is
fixed, with some functional deviations to adjust for technical features, e.g., the point
of inflection (the point (,, V(#,)) where d*V(#)/d*=0) or the rate at which the population
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Fig. 2.2 The threat of cancer is determined in the progression phase. Even when the steps leading
to cancer are completed and a tumor is growing, whether the cancer will ever present as symptom-
atic disease is determined by its rate of progression. If the tumor is growing quickly, symptoms
followed by potential lethality is a strong possibility. If instead the tumor is growing more slowly, it
may reach the point of clinical detection, but may not become life-threatening over the normal life-
time of the patient. On the other hand, if the tumor is growing very slowly, such as in the case of
dormancy or near dormancy, the tumor may not even be diagnosed. In this case, the patient effec-
tively had no disease, even though from a genetic standpoint a cancer was created. Autopsy data
suggest most of us are in this category, carrying latent disease that will not present itself clinically

approaches its carrying capacity. These principles have proven to be robust enough
to find application to tumor growth [37].

The generalized logistic equation for tumor size V(f) can be expressed in the
form:

d—V=£V 1—(Kj fora#0,A>0,20,V(t)< K. 2.1
dr o K

In the limit @ — 0, this reduces to the Gompertz equation:

Y _ 1og(K). 2.2)
dr K
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The growth rate overall is proportional to A, and o controls the rate at which
tumor size approaches the asymptotic limit, i.e., the steepness of the ascending part
of the curve. The parameter ¢ also determines the point of inflection, which occurs

1/ov
at K = L for a> -1 (or 14 = ¢~'in the Gompertz case).
K 1+ K

Where we depart from this implementation is in the consideration of the carrying
capacity K as variable, rather than fixed. This is necessary to take into account the
well-established ability of a tumor to induce angiogenesis, which increases nutrient
delivery to the tumor and thereby permits continued tumor growth. Identifying induced
vascularization with K, then, leads to a coupled set of differential equations:

v A v Y dK
@ —==V|1-|— and (b) —=Kf(K,V) (2.3)
e« K(t) dr
It remains to solve for the K dependence. To do this, we consider the quantitative
implications of the fact that tumors produce or activate both stimulators and inhibi-
tors of its vascular niche [15, 16]. Assuming spherical symmetry and a growth rate
small compared to the distribution of angiogenesis agent, we can write a diffusion-
consumption equation for the concentration m of angiogenesis factor within and
outside a tumor of radius r,.
d’'m _dm cm s

D’Vm—-cm+s=0 or ——+2

——+—=0. 2.4
dr? dr D* D? @4

where D? is the diffusion of agent, c is its clearance rate, and s is its rate of produc-
tion (we will assume s=s, inside the tumor and s=0 outside).
By making the substitutions

(@r=xD/Jc and (b)ym=y/Jx+s/c 2.5)

the equation reduces to the modified Bessel function of order %2

2

xzd—f+xﬂ— N (2.6)
dx dx 4

which has two linearly independent solutions. If we choose the first to be finite at

x=0, and the other to be finite as x — oo, they become:

_sinh() o exp(x) 2.7)

Y \/; and Yy, \/;

From Eq. (2.5) and assumptions about s, these expressions immediately yield the
agent concentrations inside and outside the tumor
j (2.8a)

A B -
my . =—sinh [ . j +2 and M0 = —€XP ( re
r r D

inside
C

c
D
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where A and B are constants. The constants are solved for by having the two
solutions and their derivatives be continuous across the tumor boundary at r=r,.

We obtain
A= 5D 1+ e exp e and
C\/; D D

L r(’\/;cosh ne —sinh e .
el D D D

(2.8b)

To assess the action of angiogenesis stimulators and inhibitors, we now take into
account the relatively slow clearance of endogenous inhibitors and the relatively
fast clearance of endogenous stimulators [15, 16, 38, 39].

We consider the two limiting cases ¢ <<D*/r,? and ¢ >>D*/r* and values of r near
or inside the tumor.

3

S Syl
c< D’ /r02 FMGae $(3r02 —r*) and Mousicze = 3;)02}’ (2.9a)
c> Dz /r()2 : mimide = S_O l_r_oexp M = S_O and
) c 2r D c
(2.9b)

Soly [—(r—ro )«/;j
Moo =7 - eXp| ———— [=0

2cr D
The concentration profiles are shown in Fig. 2.3.

Itis clear from Case 1 that at any location r, fnear or within the growing tumor (i.e.,
for 0<f<=1), the concentration of inhibitor is increasing as the square of the tumor
radius, or as V2. The inhibitor term in the growth rate f(K, V) of the carrying capacity
K would therefore be expected to be proportional to V *3. By contrast, stimulator con-
centration does not increase at all anywhere, so can be said formally to increase as V.
It could also be said to increase as V/K, which also has zero net volume scale. We
decided on the latter because tumors were thought not to display transient oscillation in
tumor size for smaller tumors, as the use of VO predicts theoretically, although in retro-
spect, it appears some oscillations in tumor size for small tumors do take place. In any
event, the choice of V/K is not expected to alter the results dramatically.

The form for the carrying capacity growth rate f(K, V), then, becomes aV/IK-bV 2>,
Eqg. (2.3b) becomes

dK

o aV —bKV*?. (2.10)
t

As a confirmation of these results, we previously performed animal experiments
where we implanted Lewis lung tumors subcutaneously in the flanks of C57Bl1/6



28 P. Hahnfeldt

a
STIMULATORS
Fast Clearance
Constant conc.
—
INHIBITORS
Slow Clearance '
ro2-dep. conc. : :
ar
b
i IR i ""
(Invariate with ro) T ‘\
= ’ 5 Point of
S ,’ i Angiogenic Balance
® P, +  and Halted Growth
: S
Fd L]
2 ’ -
=] s, "
s’ .
”, [
o ’
+ *(Varies as ro?) :
-, .
- L]
= .

Tumor Radius (ro)

Fig. 2.3 Tumor growth is dictated by the pharmacokinetics of tumor-derived angiogenic stimula-
tion and inhibition. The observation that a tumor produces both angiogenesis stimulators and
inhibitors, and that the inhibitors are cleared much more slowly, has important implications for
tumor growth. (a) Mathematical analysis shows that, in the extreme case of very fast clearance of
stimulators and very low clearance of inhibitors, stimulators maintain a constant concentration
within the tumor independent of its size. Stimulator concentration away from the tumor is negli-
gible (rectangular function shown in yellow). Meanwhile, inhibitor concentration tends to grow
at a rate proportional to the square of the tumor radius r, everywhere (bell-shaped function in
yellow grows in height as r,). (b) The faster accumulation of inhibitor everywhere assures that
inhibitor will eventually overtake stimulator, causing the tumor to become dormant (stable dis-
ease). While this is a predicted outcome for any tumor, whether this happens before it becomes
symptomatic or life-threatening will depend on individual patient circumstance. In any case,
shifting the angiogenic state of the tumor environment towards inhibition, e.g., with therapeutic
intervention, could cause stable disease to occur at a point consistent with host viability. Such a
strategy of chronic tumor maintenance may comprise a favorable alternative to eradicative-intent
treatments in some situations
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mice [17]. This was the model used by O’Reilly et al. [15] in their study of angiosta-
tin, which was actually first isolated from this tumor. We observed tumor growth in
anormal setting and in settings where angiogenesis inhibitors (angiostatin, endosta-
tin, and an exogenous inhibitor TNP-470) were introduced exogenously by various
schedules. The goal was to see if the model as derived could explain tumor growth
and in particular, the effect of angiogenesis stimulation and suppression by the
tumor on its own growth. For the purpose of modeling the inhibitor injections, we
appended a term —dKe(?) to Eq. 2.10 to account for background antiangiogenic drug
administration.

C:i_lj =aV —bKV*? —dKe(t), where e(t)= J‘; r(t")exp(—c,, (t—t")dt’" (2.11)
Here, e(?) is the concentration of injected inhibitor, 7(¢') is the rate of injection of

inhibitor (in practice, nearly an impulse function), and c_, is the clearance rate of the

injected inhibitor. We assumed basic exponential clearance pharmacokinetics.

We fit the model to control growth of tumors, solving for the tumor—host param-
eters A, o, a, and b (finding o to be about zero, giving us a Gompertz form for
Eq. 2.5a) then tested its predictive power for cases where the systemic environment
was artificially made angio-inhibitory by injection, supplementing any tumor-de-
rived angiogenesis inhibition. Tumor responses under the three antiangiogenic
agents were used to calculate the inhibitor effectiveness coefficient d and the clear-
ance rate ¢, for each agent in the equation for e(r). We were able to confirm that
clearance rates for the administered inhibitors angiostatin and endostatin were
indeed quite long, supporting the same assumption made for the action of the endog-
enous inhibitor activated by the Lewis lung tumor (angiostatin). Our data also pre-
dicted de novo that TNP-470 should be quite effective in terms of its suppression per
unit concentration per unit time, but that its effectiveness is likely limited by a rela-
tively fast clearance rate compared to the other inhibitors examined. This is sup-
ported by direct pharmacokinetic analysis [40]. The behavior of K/V with time is
shown in Fig. 2.4a. Of note, K is not simply advancing marginally ahead of V, as
might be expected if it is just accommodating the growing nutritional needs of the
tumor, nor is the ratio monotonically decreasing, as would be expected if the growth
were in accordance with Gompertz or any conventional logistic form with a fixed
carrying capacity. Instead, an entirely new form is revealed, defined by an active
advancement of carrying capacity well ahead of growth early on, followed later by
an equally active curtailment of carrying capacity, and thus tumor growth.

The Mathematics of Control of Distant Metastases

A basis for thinking about the tumor-metastasis system is laid out in general terms
by the finding that tumors are capable of producing stimulators and inhibitors of
angiogenesis, with the inhibitors generally having longer half-lives. That this may
translate to distant control of a metastatic site is suggested by the solutions to our
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Fig. 2.4 The dynamic carrying capacity model for the progression-level bottleneck of angiogen-
esis we previously derived based on murine studies (a) was demonstrated to be predictive of angio-
genesis-dependent breast tumor growth humans (b). In the human data, growing tumors call for
proportionally quickly rising support/tumor ratios K /V_ early on (7.62-45.1), then a collapsing
ratio later on (45.1-2.5). This reveals an active tumor—host dynamic that is inconsistent with sim-
ple vascular induction due to nutrient demand. It is also inconsistent with conventional Gompertz
or logistic growth dynamics. That the basic dynamic applies to both mice and humans points to a
conserved mechanism that may have an origin in organogenesis

original dynamic carrying capacity construct for the distribution of angiogenesis
factor within and outside the tumor. It is seen that the inhibitor can accumulate at
some distance from the tumor, while stimulator does not accumulate, despite tumor
size. Of course, we used extremes of clearance rate to model this point. In fact,
while inhibitors do generally have more persistence, there will be a variation in
clearance rates, with some of the stimulators on the more slowly clearing end of the
spectrum perhaps having an influence comparable to that of inhibitors that happen



2 The Host Support Niche as a Control Point for Tumor Dormancy... 31

to be on the more quickly clearing end. One would have to consider the details of
each instance. For now, we do know there is some connection between the growth
of metastasis and signals from the primary. There are a number of reports citing
increased vascular density in metastases after removal of the primary [41] and
increased detection of metastases overall [42].

Human Cancers

To test how our “dynamic carrying capacity” interpretation of angiogenic control of
tumor growth carries over to the human circumstance, we have begun to study the
growth of 420 nondormant, untreated breast tumors as part of a study conducted at
the University of Heidelberg [37]. As the data for each patient i come in the form of
volume scans Vi corresponding to scans j=1, ..., n, with the first scan being assigned
atime 7 =0 days, the objective was to merge the scan data across patients to permit
a global analysis of tumor/vascular development to compare to that performed with
the mouse data. To do this, we again applied the general logistic growth relationship
Eq. (2.1), but to first derive a sense of absolute times to associate with the scans, we
regressed the data onto the solution to Eq. (2.1) expressed as

M= f(K,V,,a) for a#0,A>0,620,V()<K. (2.12)

Here, V, is the tumor size at tumor age =0, assumed to be one cell, i.e.,
1.0x 107 mm?. The objective of the regression was to find formal expressions for the
overall A and time offsets T(K, o) for the scan data (rij, Vij) of Patient i that would
translate that patient’s scan times T into estimated absolute tumor ages 1 (= T+ T(K,
)) based on the collective behavior of the intra-patient tumor volume measurements.
We then reinserted these formal expressions back into the solution of Eq. (2.1), now
written more conventionally using In(V(7)/V,) as the dependent variable:

In(V(t)/V,) = g(K.V,.a1). (2.13)

Finally, we used Eq. (2.13) to perform another regression of the data (1,(K, Q),
V) to find the best fit with respect to K and ¢, thereby solving explicitly for K, o,
and so the 1, themselves. With the tumor data points thus rendered in the form (;
V) for the ]th scan of Patient i, we then refit to Eq. (2.13) subsets of these data lylng
in the volume cohorts 0<V<V , for V=100 mm?, V,=250 mm’, V,=500 mm?,

V,=1,000 mm’, V,=2,000 mm?, V 5,000 mm?, —15000 mm?, and
V8=215 ,600 mm3 to ﬁnd analogous parameter values Km ocm and A_ corresponding
to each of these cohorts. These fits included a final one to the full cohort
(V,=215,600 mm?), which contained all tumor measurements (the largest tumor
size measured was 215,600 mm?). This last fit was not redundant to the original that
allowed us to solve for K, o, and 1 in the first place, because the full cohort fit was
done with explicit knowledge of the L just as with the other cohort fits. Times cor-
responding to the arbitrary V_ values were inferred from the full-cohort fit to
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Eq. (2.13), and plotted against the ratio of K /V surmised from each of the cohort
fits m=1, ..., 8. The overall intent of this cohort analysis was to crudely trace out
the dynamic behavior of K/V as a function of tumor age by independent methods to
compare with that of the animal model.

What we found is shown in Fig. 2.4b. Of note, both in this case (Fig. 2.4b) and
in the mouse (Fig. 2.4a), there is a slightly left-skewed curve describing how the
ratio of carrying capacity (vascular support) K leaps well ahead of tumor size V
initially, then almost as rapidly descends so as to cap off the potential tumor size.
The human data thus corroborates the finding in mice; that tumor support is not
passively controlled (e.g., by need for O,), as originally believed, but is dynami-
cally reset by the tumor throughout growth, up to a point where a tumor will start
to curtail its own growth (approach a dormant state) through active capping of
endothelial support. Whether it can attain this state soon enough to be host-viable
will depend on the precise case-specific details of the tumor—niche interaction, as
modified by therapeutic intervention. The potential significance of this reciprocal
tumor—host dynamic is also glimpsed in work by Kaplan et al. [14], where it is
shown that homing of VEGFR1-positive hematopoietic progenitors to would-be
sites of tumor metastasis (“pre-metastatic niches”), although a tumor-directed
event, is a precondition for eventual tumor metastasis to those sites. If the pre-
metastatic conditioning program is blocked, metastases do not occur. Suggesting a
generalization beyond cancer, Lammert et al. [43] and Yoshitomi and Zaret [44]
described a control in line with our proposed “endothelio-centric” paradigm [17]
for organ development, in that endothelial growth at the organ site is seen to pre-
cede and permit growth of the parenchyma, which in turn controls growth of the
supporting vasculature. As further support for our hypothesized connection
between angiogenesis and organogenesis, Greene et al. [45] tracked liver regrowth
after partial hepatectomy, and showed that the regenerating organ plateaus to a
final size that varies with the angiogenic status of the host. Mice given angiogen-
esis stimulators during regeneration developed larger-than-normal livers, while
those given angiogenesis inhibitors had smaller final liver sizes.

Conclusion

The notion that cancer often occurs as “stable disease,” a state of post-vascular dor-
mancy viewable clinically, has vital implications for antiangiogenic therapy, and in
particular how we interpret therapeutic progress towards overcoming the original
angiogenic switch. Once it is recognized that achieving an angiogenic balance, and
thus “stable disease,” may be achievable with a macroscopic tumor without shrink-
ing it to microscopic size, this opens the door for new thinking about what consti-
tutes successful response. Current notions of “complete or partial response,”
referring to total or partial tumor shrinkage as measures of the effectiveness of
classic maximum tolerated dosing (MTD) regimens, would give way to “failure of
the tumor to progress,” the likely hallmark of successful antiangiogenic therapy.
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Fig. 2.5 Two strategies for tumor therapy compared. Maximum tolerated dosing (MTD) strategies
and targeted strategies aimed at total tumor eradication hold the promise of cure. For some cancers,
this is a course with a substantial success rate, albeit often with undesirable side effects. For most
cancers, however, good responses are often followed by resistance and tumor regrowth, assisted in
rebound by the host support left behind (a). Part of the reason may be that the tumor and its vascu-
lar niche are not being co-suppressed as a unit, which may be better accomplished using more
chronic treatments that include anti-angiogenics. While cures are no longer the goal, stable disease
consistent with excellent quality of life may be achievable (b)

New therapeutic designs might entail altering the self-imposed theoretical dormancy
“set point” of the tumor downward to a level consistent with symptom-free disease
over the lifetime of the patient (Fig. 2.5). In this way, the achievement of a tolerable
equilibrium between tumor and host could stand quite favorably against eradicative-
intent strategies whose very aggressiveness may often be the instrument of their
own defeat.

Acknowledgments This project was supported by the National Cancer Institute under Award
Number U54CA149233 (to L. Hlatky). The content is solely the responsibility of the author and
does not necessarily represent the official views of the National Cancer Institute or the National
Institutes of Health. Figure 2.5 graphics due to Clare Lamont.



34

P. Hahnfeldt

References

1.

2.

11.

12.

13.

14.

15.

16.

17.

18.
19.
20.

21.

Cheng L, Bostwick DG, Li G, Wang Q, Hu N, Vortmeyer AO, Zhuang Z (1999) Allelic imbal-
ance in the clonal evolution of prostate carcinoma. Cancer 85(9):2017-2022

Stilgenbauer S, Sander S, Bullinger L, Benner A, Leupolt E, Winkler D, Krober A, Kienle D,
Lichter P, Dohner H (2007) Clonal evolution in chronic lymphocytic leukemia: acquisition of
high-risk genomic aberrations associated with unmutated VH, resistance to therapy, and short
survival. Haematologica 92(9):1242-1245

. Losi L, Baisse B, Bouzourene H, Benhattar J (2005) Evolution of intratumoral genetic hetero-

geneity during colorectal cancer progression. Carcinogenesis 26(5):916-922

. Illmensee K, Mintz B (1976) Totipotency and normal differentiation of single teratocarcinoma

cells cloned by injection into blastocysts. Proc Natl Acad Sci USA 73(2):549-553

. Bhowmick NA, Chytil A, Plieth D, Gorska AE, Dumont N, Shappell S, Washington MK,

Neilson EG, Moses HL (2004) TGF-beta signaling in fibroblasts modulates the oncogenic
potential of adjacent epithelia. Science 303(5659):848-851

. Bissell MJ, Radisky D (2001) Putting tumours in context. Nat Rev Cancer 1(1):46-54
. Nguyen DH, Oketch-Rabah HA, Illa-Bochaca I, Geyer FC, Reis-Filho JS, Mao JH, Ravani SA,

Zavadil J, Borowsky AD, Jerry DJ, Dunphy KA, Seo JH, Haslam S, Medina D, Barcellos-Hoff
MH (2011) Radiation acts on the microenvironment to affect breast carcinogenesis by distinct
mechanisms that decrease cancer latency and affect tumor type. Cancer Cell 19(5):640-651

. Black WC, Welch HG (1993) Advances in diagnostic imaging and overestimations of disease

prevalence and the benefits of therapy. N Engl J Med 328(17):1237-1243

. Welch HG, Black WC (2010) Overdiagnosis in cancer. J Natl Cancer Inst 102(9):605-613
. Bergers G, Benjamin LE (2003) Tumorigenesis and the angiogenic switch. Nat Rev Cancer

3(6):401-410

Davis DW, Herbst RS, Abbruzzese JL (eds) (2007) Antiangiogenic cancer therapy. Boca
Raton, CRC

Cao Y, O’Reilly MS, Marshall B, Flynn E, Ji RW, Folkman J (1998) Expression of angiostatin
c¢DNA in a murine fibrosarcoma suppresses primary tumor growth and produces long-term
dormancy of metastases. J Clin Invest 101(5):1055-1063

Udagawa T, Fernandez A, Achilles EG, Folkman J, D’Amato RJ (2002) Persistence of micro-
scopic human cancers in mice: alterations in the angiogenic balance accompanies loss of tumor
dormancy. FASEB J 16(11):1361-1370

Kaplan RN, Riba RD, Zacharoulis S, Bramley AH, Vincent L, Costa C, MacDonald DD, Jin
DK, Shido K, Kerns SA, Zhu Z, Hicklin D, Wu Y, Port JL, Altorki N, Port ER, Ruggero D,
Shmelkov SV, Jensen KK, Rafii S, Lyden D (2005) VEGFR1-positive haematopoietic bone
marrow progenitors initiate the pre-metastatic niche. Nature 438(7069):820-827

O’Reilly MS, Holmgren L, Shing Y, Chen C, Rosenthal RA, Moses M, Lane WS, Cao Y, Sage
EH, Folkman J (1994) Angiostatin: a novel angiogenesis inhibitor that mediates the suppres-
sion of metastases by a Lewis lung carcinoma. Cell 79(2):315-328

O’Reilly MS, Boehm T, Shing Y, Fukai N, Vasios G, Lane WS, Flynn E, Birkhead JR, Olsen
BR, Folkman J (1997) Endostatin: an endogenous inhibitor of angiogenesis and tumor growth.
Cell 88(2):277-285

Hahnfeldt P, Panigrahy D, Folkman J, Hlatky L (1999) Tumor development under angiogenic
signaling: a dynamical theory of tumor growth, treatment response, and postvascular dor-
mancy. Cancer Res 59(19):4770-4775

Willis RA (1948) Pathology of Tumours. Butterworth, London

Hadfield G (1954) The dormant cancer cell. Br Med J 2(4888):607-610

Guba M, Cernaianu G, Koehl G, Geissler EK, Jauch KW, Anthuber M, Falk W, Steinbauer M
(2001) A primary tumor promotes dormancy of solitary tumor cells before inhibiting angio-
genesis. Cancer Res 61(14):5575-5579

Wheelock EF, Weinhold KJ, Levich J (1981) The tumor dormant state. Adv Cancer Res
34:107-140



22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.
39.

40.

41.

42.

43.

44.

45.

The Host Support Niche as a Control Point for Tumor Dormancy... 35

Meltzer A (1990) Dormancy and breast cancer. J Surg Oncol 43(3):181-188

Fontana RS, Sanderson DR, Woolner LB, Taylor WF, Miller WE, Muhm JR, Bernatz PE,
Payne WS, Pairolero PC, Bergstralh EJ (1991) Screening for lung cancer. A critique of the
Mayo Lung Project. Cancer 67(4 suppl):1155-1164

Marcus PM, Bergstralh EJ, Zweig MH, Harris A, Offord KP, Fontana RS (2006) Extended
lung cancer incidence follow-up in the Mayo Lung Project and overdiagnosis. J Natl Cancer
Inst 98(11):748-756

Nielsen M, Thomsen JL, Primdahl S, Dyreborg U, Andersen JA (1987) Breast cancer and atypia
among young and middle-aged women: a study of 110 medicolegal autopsies. Br J Cancer
56(6):814-819

Almog N, Henke V, Flores L, Hlatky L, Kung AL, Wright RD, Berger R, Hutchinson L,
Naumov GN, Bender E, Akslen LA, Achilles EG, Folkman J (2006) Prolonged dormancy of
human liposarcoma is associated with impaired tumor angiogenesis. FASEB J 20(7):947-949
Hanahan D, Folkman J (1996) Patterns and emerging mechanisms of the angiogenic switch
during tumorigenesis. Cell 86(3):353-364

Abdollahi A, Schwager C, Kleeft J, Esposito I, Domhan S, Peschke P, Hauser K, Hahnfeldt P, Hlatky
L, Debus J, Peters JM, Friess H, Folkman J, Huber PE (2007) Transcriptional network governing the
angiogenic switch in human pancreatic cancer. Proc Natl Acad Sci USA 104(31):12890-12895
Indraccolo S, Favaro E, Amadori A (2006) Dormant tumors awaken by a short-term angio-
genic burst: the spike hypothesis. Cell Cycle 5(16):1751-1755

Coftey JC, Wang JH, Smith MJ, Boucher-Hayes D, Cotter TG, Redmond HP (2003) Excisional
surgery for cancer cure: therapy at a cost. Lancet Oncol 4(12):760-768

Baum M, Demicheli R, Hrushesky W, Retsky M (2005) Does surgery unfavourably perturb the
“natural history” of early breast cancer by accelerating the appearance of distant metastases?
Eur J Cancer 41(4):508-515

von Fournier D, Weber E, Hoeffken W, Bauer M, Kubli F, Barth V (1980) Growth rate of 147
mammary carcinomas. Cancer 45(8):2198-2207

Abdollahi A, Folkman J (2010) Evading tumor evasion: current concepts and perspectives of
anti-angiogenic cancer therapy. Drug Resist Updat 13(1-2):16-28

Rastinejad F, Polverini PJ, Bouck NP (1989) Regulation of the activity of a new inhibitor of
angiogenesis by a cancer suppressor gene. Cell 56(3):345-355

Kerbel R, Folkman J (2002) Clinical translation of angiogenesis inhibitors. Nat Rev Cancer
2(10):727-739

Tsoularis A (2001) Analysis of logistic growth models. Res Lett Inf Math Sci 2:23-46

Spratt JS, Meyer JS, Spratt JA (1996) Rates of growth of human neoplasms: Part II. J Surg
Oncol 61(1):68-83

Zetter BR (1998) Angiogenesis and tumor metastasis. Annu Rev Med 49:407-424

Ribatti D (2008) Judah Folkman, a pioneer in the study of angiogenesis. Angiogenesis
11(1):3-10

Figg WD, Pluda JM, Lush RM, Saville MW, Wyvill K, Reed E, Yarchoan R (1997) The phar-
macokinetics of TNP-470, a new angiogenesis inhibitor. Pharmacotherapy 17(1):91-97
Peeters CF, Westphal JR, de Waal RM, Ruiter DJ, Wobbes T, Ruers TJ (2004) Vascular density
in colorectal liver metastases increases after removal of the primary tumor in human cancer
patients. Int J Cancer 112(4):554-559

van der Bij GJ, Oosterling SJ, Beelen RH, Meijer S, Coffey JC, van Egmond M (2009) The
perioperative period is an underutilized window of therapeutic opportunity in patients with
colorectal cancer. Ann Surg 249(5):727-734

Lammert E, Cleaver O, Melton D (2003) Role of endothelial cells in early pancreas and liver
development. Mech Dev 120(1):59-64

Yoshitomi H, Zaret KS (2004) Endothelial cell interactions initiate dorsal pancreas develop-
ment by selectively inducing the transcription factor Ptfla. Development 131(4):807-817
Greene AK, Wiener S, Puder M, Yoshida A, Shi B, Perez-Atayde AR, Efstathiou JA, Holmgren
L, Adamis AP, Rupnick M, Folkman J, O’Reilly MS (2003) Endothelial-directed hepatic
regeneration after partial hepatectomy. Ann Surg 237(4):530-535



2 Springer
http://www.springer.com/978-1-4614-1444-5

Systems Biology of Tumor Dormancy
Enderling, H.; Almog, M.; Hlatky, L. (Eds.)
2013, XV, 294 p., Hardcover

ISEMN: 278-1-4614-1444-5



	Chapter 2: The Host Support Niche as a Control Point for Tumor Dormancy: Implications for Tumor Development and Beyond
	Introduction
	The Bottlenecks of Tumor Dormancy
	The Post-vascular Dormant Tumor
	A Dynamic Carrying Capacity Representation for Angiogenesis-Dependent Tumor Growth
	The Mathematics of Control of Distant Metastases
	Human Cancers
	Conclusion
	References


