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Abstract tic effectiveness of the studied antiangiogenic agents, endostatin
(6, 7) angiostatin (8, 9), and TNP-470 (10, 11), this analysis

predicts that in principle there can exist a postvascular dormant
state where stimulator and inhibitor come into balance and tumor
growth is halted.

The effects of the angiogenic inhibitors endostatin, angiostatin, and
TNP-470 on tumor growth dynamics are experimentally and theoretically
investigated. On the basis of the data, we pose a quantitative theory for
tumor growth under angiogenic stimulator/inhibitor control that is both
explanatory and clinically implementable. Our analysis offers a ranking of
the relative effectiveness of these inhibitors. Additionally, it reveals the Materials and Methods
existence of an ultimate limitation to tumor size under angiogenic control,
where opposing angiogenic stimuli come into dynamic balance, which can ~ Tumor Cell Implant, Treatment, and Measurement. Male C57BL6/J
be modulated by antiangiogenic therapy. The competitive influences of mice (Jackson Labs, Bar Harbor, ME), 6—-8 weeks of age, were used. For
angiogenically driven growth and inhibition underlying this framework  tumor implantation, mice were injected s.c. in the proximal dorsal midline with

may have ramifications for tissue size regulation in general. 1 X 10° Lewis lung carcinoma cells in 0.1 ml of saline. Tumor dimensions
were measured with calipers. Volumes were calculated by taking fvidth
Introduction X length X 0.52. After about 3—10 days, when tumor volumes were 100-300

mm?, mice were randomized into four groups. Two groups received either
Conventional cancer treatment includes many modalities, a#combinant mouse angiostatiEscherichia coli from Jie Lin) or mouse

having the same basic intent: to directly kill tumor cells or prevergndostatin E. coli; from Thomas Boehm) as a suspension in PBS. Mice in
their proliferation. Accordingly, kinetic understanding of tumoithese groups were injected s.c. at a site distant from the tumor once daily. A
control has focused on the elucidation of tumor cell proliferatioffird group received TNP-470 in saline injected s.c. every other day. The
and sensitivity characteristics. However, a tumor population is furth group received injections of the vehicle alone. ,
from stable, manifesting with its genetic, epigenetic, and micro- Mod_el DeS|gn.Our_mode| departs from earllerthgoretlcal c_onstructsmthat
environmental heterogeneity a constantly evolving spectrum it f:on5|ders an effective vascular support, or carrying capacity, for the tumor

I . havi hi . h 0 be explicitly time dependent and under the control of distinct stimulatory
tumor cell expressions and behaviors. This raises the concern t inhibitory angiogenic signals arising from the tumor. Others (12-14) have

current therapeutic attempts to target the expanding array of tumy@iii.recognized the potential dynamic insights afforded by models that ex-
expressions with customized molecular attacks may be overaschifiitly incorporate a vascular dependence to tumor growth. However, we
ing durable and exploitable mechanistic bases to what are in faetight to improve these characterizations in light of advances in the field by
largely temporal and hypervariable events. By contrast, therajmgluding a dynamiwersusa static support, by freeing effective support levels
directed against tumor vasculature does not exploit tumor céidm a strict dependence on tumor volume to render the theory more conducive
sensitivities, relying instead on tumor suppression consequentt@gntiangiogenic therapy applications, and by limiting parameterization while
inhibition of associated vasculature (1-5). By providing a means %!l .incluqmg 'expl'icit terms for the distinct actions of positive and negative
control an exceptionally heterogeneous, unconstrained tumor p8p9icgenic stimuli.

ulation via a relativelv homoageneous and constrained endotheliaNOdel Curve Generation. Basic numerical integration with an interval
y 9 resolution of 0.00001 day was used to plot the curve points. To solve for the

population, ar_manglogenlc therapy QHOWS one to disregard a _V%%del coefficients and fit the data, about 1,000,000 runs of a Monte-Carlo
array of spatial and temporal details of tumor cell eXPressiofigorithm in each instance were used. Preliminary runs showetb be

Likewise, the power of a theoretical description of angiogenigegiigible. On this basis, the algorithm was then used with progressively finer
control dynamics lies in its embrace of governing principles whickesh resolution to solve for the values\qf b, d, andk, (initial value ofk) that
provide insight into how such therapy may be implementableinimized the squared error in the control fit (Figh)1 The treatment fits (Fig.
across tumor presentations, independent of tumor-specific detallsB-D) were likewise accomplished by similar minimizations over just the
Here we present experimental data from antiangiogenically treat® agent parametees(the vascular inactivation rate) awutt (the clearance
and untreated Lewis lung tumors in mice and explain the data ligfe; Table 1). Notably, the two predictive fits (Fig. 2) were accomplished with
terms of a customized quantitative model for tumor developmef? free parameters.

under angiogenic stimulator and inhibitor control. Besides explain-

ing tumor growth dynamics and quantifying the relative therapelresults and Discussion

) Model of Stimulator/Inhibitor-dependent Tumor Growth. It is
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natives, alone or in combination with other conventional therapiesA form for f (K, V, t), the terms of which are motivated by these

(15, 16). four effects is:
These notions were implemented beginning with the “generalized
logistic” equation: f(K,V,1) = — MK + bS]V, K) — dI(V, K) — eKgt) (C2)
VAR The first term represents the spontaneous loss of functional vascula-
V'=PV where P=Al1—|(-—— (A)  ture; the second term represents the stimulatory capacity of the tumor
ma

upon the inducible vasculature (throughg.,angiogenic factors like
This relationship equating the rate of change in tumor md@s$sfo a vascular endothelial growth factor; Ref. 20); the third term reflects
decreasing factoP of tumor massV captures the phenomenology ofendogenous inhibition of previously generated vasculature (through,
tumor growth slowdown to a hypothetical limiting siX&, ., as the e.g., endothelial cell death or disaggregation); and the last term
tumor grows and ultimately taxes its available support. The finggpresents inhibition of tumor vasculature due to administered inhib-
details of the slowdown are incorporated into the exponernd itors, taken to be proportional t§ and the concentratiog(t), as is

include for smalla the familiar Gompertz form: typically done in chemotherapy models (21). The concentration of
administered inhibitog(t) at a given timet generally includes par-

\ tially cleared contributions from prior administrations across all ear-

P=- Aalog(m) (B) lier timest’ < t. Under the usual pharmacokinetic assumptions, the

expression fog(t) is:
Gompertzian growth, as represented by Egs. A and B, has come to be
closely identified with the phenomenon of tumor growth slowdown t
g(t) = J c(t’) exp(—clr(t—t")) dt’ (C3)

0

with size widely observed both in the clinic and the laboratory for the
past 100 years (17, 18).

We here propose that basic Gompertzian growth may be understood . L o _
in terms of a bidirectional control process whereby a tumor regulat‘é@erec(t') is the rate of administration of inhibitor concentration at
associated vascular growth or suppression, and the tumor vasculaitii t" @ndclr is the clearance rate.
in turn controls tumor growth through its usual nutritive function. we The forms for(V, K) and I(V, K) in Eq. C2 have yet to be
found that a derivative of Gompertz theory that formally include§Stablished. Some insight into the forms of these terms comes, how-
these dynamic considerations presents a formalism that best expl&He" from arguments posed to explain the apparent inconsistency that
the data and provides a template for quantitatively anticipating tRePfimary tumor can grow despite the production of inhibitory agents
effects of therapies seeking to use antiangiogenic agents. To arriv&gf &ré on occasion potent enough to render tumors at secondary sites
this new theory, we reexamined the terms of the classic Gompeﬁjﬁrma”t (22). It has been asserted that tumor-der!ved |nh|b|t0rs from
model. Historically, the valu¥’,_..in Eq. B has been usefully thought all sites act more sy;tem!cally, whergas tumor-dgrlved s.tlmulators act
of as a (fixed) sustenance level, or carrying capacity, for the tum@pore locally to the individual secreting tumor site (8), in turn sug-
But insofar as the tumor controls this level through factor secretioB€Sting that the persistences, or “half-lives,” of endogenous inhibitors
both stimulating and inhibiting vascular growth, we replaced this wifignd to greatly exceed those of endogenous stimulators. Where appli-

a variable carrying capaciti(t) and a dependence of the rate of@ble, these arguments lead to certain restrictionsSth K) and
change ofK (K') onK, V, andt as follows: I(V, K), as will next be demonstrated. One conclusion from the

following is the assurance that, despite treating carrying capacity as
vV variable, a classic Gompertz-like effect with regard to ultimate tumor
V= - )\1V|09(K>. K'=f(K V1) (C1)  growth can be expected.
To ascertain the natures &V, K) andI(V, K) and therefore of
The carrying capacitK is defined as the effective vascular supportiltimate tumor growth, suppose we have a tumor of diametgr 2
provided to the tumor as reflected by the size of the tumor potentiattpmposed of cells secreting stimulator or inhibitor at a ggtevhich
sustainable by it. This definition is a measure of actual tumor susie-cleared at an exponential rateA diffusion-consumption equation
nance and thus ignores that portion of the microcirculation that mégr the concentration of stimulator or inhibitor inside and outside the
be dysfunctional for a variety of reasons (19). It follows tKat= V  tumor may be written as follows:
at the point where it is just adequate to support the tumor, larger than
V for growing tumors, and smaller thavi for regressing tumors.
Biological processes controlling the size of the effective vascular
compartment include the intrinsic loss rate, stimulatory and inhibitory
influences from the tumor cells, and inhibition due to administeregihere D? is the diffusion coefficients = s, inside the tumor, and
inhibitors. s = 0 outside.

an
D*V’n—-cn+s=—
ot

Table 1 Summary of kinetic model
The kinetic model summarized by Egs. C1, C2, C3, and C4, was applied first to the untreated control tumor data, and the growth paramebers, andk, (initial value of
K) were solved for by performing about 1,000,000 runs of a Monte Carlo algorithm. Using the same growth parameters generated from the Gompexta fir fFieRI470 (30
mg/kg/g.o.d.), endostatin (20 mg/kg/day) and angiostatin (20 mg/kg/day) were used to solve for the respective treatment maashelerconc= mg/kg; vol = mm3).

e clr e/clr Ay Ay b d ko (initial K)
(day *conc™ Y (day b (conc Y (day b (day b (day b (day tvol =23 (vol)
Control 0.192 0.0 5.85 0.00873 625
TNP-470 1.3 10.1 0.13 0.182 0.07 5.85" 0.00873% 625"
Endostatin 0.66 1.7 0.39 0.1%92 0.07 5.85" 0.0087% 6257
Angiostatin 0.15 0.38 0.39 0.182 0.0° 5.85 0.0087% 625"

@ Growth parameters generated from the Gompertz fit.
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If we assume the tumor is in quasi-steady stage, that its growth
rate is small relative to the rate of distribution of factor, thent = 0.
If we further assume radial symmetry, then= n(r), wherer is the
distance from the center of the tumor, the problem reduces to:

Making the substitutionsu( 2) for (r, n), whereu = rc *3D and
z=r 2 (n — g/c), the result is a modified Bessel equationz{u)
of order¥2. The two fundamental solutions of this equation are:

3 sinh(u)
W

from which it can be shown, with the further definitiog = r,c*4D,
that the concentration inside and outside the tumor is:

sinh(u)) and
u

e*U
Zy and Z; = T
\Ju

Nisad 1) = % (1 C 1+ e

—u

So . e
Noutsiad 1) = o (ugcosh(uo) — sinh(ug)) o

The two extremes of the clearance timere now of interest. For
small ¢ (inhibitor case)j.e., for ¢ << D?r.?, we obtain:

So
Ninsigd I, SMallc) = D7 (3r2 — r?) and

3
Solo

3D*

Nousigd I, smallc) =

whereas for large (stimulator case), we obtain:

ninside(rr Iargec) = §andnoutside(rv Iargec) ~0
C

inhibitor on tumor endothelial cells will overtake that of the stimula-
tor, leading to a “plateau” in tumor size.

The model implication of this finding is that the inhibitor term of
the expression foK’ in Egs. C1 and C2 will tend to grow at a rate
K*VP faster than the stimulator term, where- 8 ~ 2/3, because both
K andV have “volume” dimensions. If we now argue that the inhibitor
term reflects tumor cells producing inhibitor that impacts on the
vasculatureK, then the final inhibitor term would beconmaKV?/=,
where, again, th&? factor reflects the,> dependence of the mean
inhibitor source strength. A form for the stimulator, then, is immedi-
ately suggested to HeKV?3/(K*VP) or bK*V?, wherey + § ~ 1. We
chosebV to represent this term, althoughK would be another
arguable choice (the difference should not be dramatic bedAasd
K tend to move together). The final form for the expressionkibm
Egs. C1 and C2) is:

K= — MK + bV — dKV?® — eK(t) (C4)

Egs, C1, C2, C3, and C4 comprise the complete model formulation for
tumor growth control under the actions of angiogenic stimulation and
inhibition.

Antiangiogenic Treatment: Data and Analysis. The control and
treatment data for three different inhibitors, demonstrating the effects
of systemic administration of antiangiogenic agents on tumor growth
through modulation of stimulator/inhibitor balance, are shown in Figs.
1 and 2. The accompanying curves show the corresponding tumor
response as derived from the model. The inhibitors mouse endostatin
(6, 7), mouse angiostatin (8, 9), and TNP-470 (10, 11) were tested
against Lewis lung tumors grown in C57BL/6 mice. Treatment was
initiated on day 0 (5 days after implantation) when tumors we?€0
mm?® in size. Treatment regimens were 20 mg/kg/day and 4 mg/kg/day
for endostatin, 20 mg/kg/day for angiostatin, and 30 mg/kg/d}.éod.
TNP-470. Tumors were measured on day 0, day 4, and every third day
thereafter. It is seen that treatment regimens of 20 mg/kg/day of either
angiostatin or endostatin, or 20 mg/kg/day each of angiostatin and
endostatin in combination, control Lewis lung tumor growth. The rate
of regression for Lewis lung tumors treated with 20 mg/kg/day of

Itis clear, therefore, that inhibitor will impact on the target endothelig@ndostatin is in agreement with the published results of Boehanh.

cells in the tumor in a way that grows ultimatelyra$ or (Volume®3,

whereas the impact of stimulator will be relatively independent of
tumor/vascular size. It follows that, ag increases, the effect of the

(6), where full regressions were observed after this treatment. By

3The abbreviation used is: g.0.d., every second day.
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ig. 2. The curves overlying the endostatin 4000 4mg/kg/day) h
mg/kg/day) dataA) and the combined angiostatin £ ( E 250 (20mglkg/day of each)
and endostatin data (20 mg/kg/day of eaBpare & 3000 8 200
parameter-free theoretical predictions of tumor re-'® Y 450
sponse based on the inhibition and clearance rategg 2000 ] 100
derived previously for the endostatin (20 mg/kg/ € 1000 g
day) and angiostatin (20 mg/kg/day) data sepa-&= ~ 50
rately. Excellent agreement of predictions to data is 0 0
observed. 0 2 4 6 8 10 12 14 16 0 2 46 81012141618 20222426
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contrast, 30 mg/kg/g.o.d. of TNP-470 or 4 mg/kg/day of endostatiatically to one, and tumor growth slows to zero. For treated tumors,
does not control the growth of these tumors. it is apparent that the endothelial compartment is highly responsive to
The model given by Egs. C1, C2, C3, and C4 was used to analyze this administered inhibitors, with subsequent tumor response being
data. Inhibitors were administered as boli, meaningd{tgtin the model comparatively slower. Fluctuations in effective vasculature occur
Eqg. C3 was taken to bB(8(t" — t;) + &(t" — tp) + 8(t" — t5) +...), because of the saltatory nature of the administration of inhibitor. The
whereD is the dose concentration administered and, thee the injection fluctuations in effective vascularity are most dramatic with TNP-470
days. An excellent control fit was obtained (Figd)1solving for the (Fig. 3B), because of a high potency combined with an exceptionally
parametera,, A,, b, andd. The parametex, was found to be negligible, fast clearance rate. Although this model-derived clearance rate is very
i.e., constitutive endothelial cell loss does not play a major role in thispid at 10.1 day?, it is still less than the 18.9 day rate (equivalent
system. The good fits to treatment data (Fig.BED) with the two to a terminal half-life of 0.88 h) determined for TNP-470 by pharma-
available treatment parameterandclr support the underlying model of cokinetic methods in patients being treated for HIV-associated Kapo-
tumor/endothelial interaction and growth dynamics. The vakiebe si's sarcoma (11). Aside from the obvious host differences, the dis-
vascular inactivation rate, amtt, the agent clearance or inactivation ratecrepancy may in large part be due to the fact that TNP-470 has active
together offer a measure of the antiangiogenic effectiveness per umétabolites, including AGM-1883, that escape strict pharmacokinetic
concentration, one estimate beigiglr (see Table 1) because by Eq. C4assay for TNP-470 but nonetheless take part here in suppressing
we expect that a bolus dose of an antiangiogenic agent will cause a fagesculature.
reduction inK by exp(€/clr). Under this scheme, the inhibitors TNP-470, The comparative speed of vascular resparegsustumor response
endostatin, and angiostatin have relative effectiveness of 0.13, 0.39, amdhese inhibitors raises the concern that some of the potency of
0.39, respectively. dosing is “wasted” through unproductively oscillating the vasculature
Importantly, the parameters inferred from the data (Table 1) hader the course of treatmene.§., Fig. 3, B and C). Arguably,
predictive power for two additional experiments (Fig. 2). The closgelivering the same integrated dose more continuously over the treat-
agreement of the parameter-free theoretical projections with data fieent period would maintain a steadier vascular response and give
endostatin (4 mg/kg/day; Fig.A2 and for angiostatin/endostatin inbetter results. Our model reveals this effect. For example, with TNP-
combination (20 mg/kg/day of each; FigBRsupport model assump- 470 delivered at 30 mg/kg/q.o.dersuscontinuously at the same
tions that these agents act linearlye(, exponentially with instanta- integrated dose, the tumor size at day 13 is predicted to be 1840 mm
neous concentration) and together act additively upon the vasculatwersus1300 mn#?, respectively (data not shown).
An additive vascular response for endostatin and angiostatin in comStimulator/Inhibitor Balance under Antiangiogenic Treatment
bination would suggest that either the combined 40 mg/kg dose siz®istermines Tumor “Set Point.” Apart from enabling quantifica-
still below threshold for target saturation or the modes of action tibns and comparisons of inhibitor effectiveness, this analysis dem-
angiostatin and endostatin are different. onstrates a principle of tumor growth control the qualitative features
The effective tumor-associated vasculature is represented by tfiewhich transcend treatment details. Predicted in general is the
carrying capacity in the kinetic formulationed curvesn Figs. 3 and tendency for tumors to show growth deceleration with size. Under
4A). For the untreated tumor, this vascular component is predictedstafficient treatment, and in some cases naturally, tumor size is pro-
first increase more rapidly than the tumor cell population, reachingected to plateau as a result of a parallel plateauing of available
point whereV/K is at a minimum and tumor growth is most rapid (Figvascular support. The latter happens as a result of the eventual
4A). As the tumor continues to grow, howevsfK increases asymp- offsetting of vascular stimulation by a more rapidly rising level of

£ 16000 £ 7000 £ 700,

g 14000 CONTROL & 6000 (30':;';;?0 " g 600 ENDOSTATIN

8 12000 1 S 5000 A 5 500 (20mg/kg/day)

£ 10000 ¢ £ 4000 £ 400

£ 8000 £ £

& 6000 g 30007 § 300

£ 2000 L 1000 /‘ £ 1001

g 0 = + —+ g 0 — S ] g 0 T
= 0246 8101214161820 F 0 2 4 6 8 1012 14 F 012345678910

(A) Day (B) Day (C) Day

Fig. 3. Tumor growthIflue) with model predictions of the accompanying net vascular support g for the untreated control tumor populatiof) @nd for tumors treated with
TNP-470 (30 mg/kg/g.0.dB) and endostatin (20 mg/kg/dag). Following administration of inhibitor, the vasculature regressed. Between injections, net vascular recovery is predicted
to be comparatively rapid, particularly for TNP-470 because of its exceptionally fast clearance rate.
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; 16000 ig. 4.1. A, growth of an untreated Lewis lung tumor and its associated vas_cular suppprt, as fitted to the control data:
§' 14000 The tumor and vascular growth curves are both extended to show the theoretical set point value reached (beyond the life
of the animal), where the vascular suppoet) converges with the tumor burdebie), as a balance between angiogenic
E’ 1%888 stimult?]ti?Thand ti‘nhitf)i:ion is Iitppzjroauihed. Tulmor grovvtthflis tIirdnited by thihplatgauing of ?vailable ;IE;SCtUIE:lLr su;t)port. It iswth
seen that the ratio of tumor burden to vascular support first decreases, then increases to asymptote to 1 as tumor gro!
E 8000 slows to approach a final size. Histologically, the tz?nor “cuff size,” the theoretical amount of)t/un'wjor supported by a L?nit
O 6000 amount of vasculature, is lower over the intermediate ranges of tumor size, achieving a maximum average value as the
8 4000 tumor approaches its final “set point” size. For example, the cuff size on day 10 would be the ratio of the length of the
E 2000 blue lineto the length of theed line (set apart for clarity).
] 0 H
£
e 0 10 20 30 40 50
(A) Day
IL. - TNP-470
& 18000 ; & 18000 & 18000
£ 16000 1 £ 16000 € 16000
£ 14000 £ 14000 £ 14000
o 12000 1 o 12000 susmmmmamaas Ay o 12000 1
N 10000 N 10000 N 10000 ;
% 8000 1 % 8000 ® 8000
5 6000 5 6000 5 6000
g 4000 £ 4000 g€ 4000
2 2000 e 2000 e 2008 :
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
(B) Day (C) Day (D) Day
II. - ANGIOSTATIN
& 700- & 700+ & 700+
£ 600- £ 6004 € 600
T 500+ = 500 ~ 500+
N 400- 8 4004 8 400
300 a0 [N ]
§ 200; I § 200; § 2004
E 100W E 100+ E 100+
0 L] L] L] L) L] L) L) L L] L] L) 0 L) L] L] L) L) Ll L] L] L] L] L] 0 L] L) L) Ll Ll L) L) L] L] L] L)
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Fig 4. Il. The set point attained by ongoing treatment is independent of the tumor volume at which treatment is initiated, depending only on how the ongmihgwdatates
the balance between angiogenic stimulators and inhibitors. The set point is determined by the point in tumor growth where stimulation andfrainiblimth endogenous and
therapeutic sources) come into balanEsP-470,the effect of beginning a TNP-470 regimen (30 mg/kg/q.o.d.) at day O (tumorsiZ® mn?) on the control tumor modifies the
course of growth, limiting the final size to 12,300 rar(B). This final value is not sensitive to treatment start time but, rather, is determined by the average extent to which the
administered inhibitor supplements endogenous inhibition. If treatment commences instead when the tumor size is already 3 2t80@imar will remain at that siz€]. Likewise,
if treatment commences at a time when the tumor size is larger than this asymptotic value (examplevVsko®ih300 mmd), treatment brings the tumor down to, but not beyond,
the asymptotic set point si2é= 12,300 mmi (D). ANGIOSTATINpn the basis of the angiostatin response with 20 mg/kg/day, a calculated response to 14 mg/kg/day is shown. This
dose level is insufficient to accomplish a complete regression. Instead, tumor size is driven toward a finite set point value. By starting trérarsanteal77 mfntumor size as
for the 20 mg/kg/day experiment, tumor size is seen to first rise, then settle back to a set point vaR#&ahn? (E). The consequence of initiating treatment at a later time when
tumor size has reached 240 rhfa shown ). Although the tumor continues to grow for a time under treatmeritQ( days), it then regresses back to the 240%msat point size as
before.G, consequence of starting treatment at a still larger tumor size, in this case, 4)@mmitial overshoot is once again observed before final asymptotic descent to the 240-mm
set point. The rise and subsequent downturn in each instance is attributable to the accumulation of dose concentration as the regimen prectedsiran fefin the relatively
slow clearance of this agent.

vascular inhibition arising from the tumor. Administered antiangiats stimulator/inhibitor balance, would be dormant yet vascularized.

genic agents act to generate lower plateau points. Although the pFéis is distinct from the prevascular dormant state (9) tumors advance

dicted plateau size for a naturally plateauing tumor may be too lartfigough in the process of becoming full-fledged cancers.

to be compatible with the viability of the host, antiangiogenic treat- As examples of the tumor set point and its modulation by therapy,

ments offer the prospect of reducing the asymptotic “set point” toRig. 4A shows the growth slowdown and asymptotic limiti7400

clinically tolerable level (Fig. 4). Such a tumor, held in check due tmm®) of Lewis lung tumor size that would hypothetically be reached
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