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It is rarely considered that age-related common vas-
cular co-morbidities may affect therapeutic outcomes
of antiangiogenic therapy in cancer. Indeed, the ac-
cepted model of human disease consists of 4- to
8-week-old (young) tumor-bearing, but otherwise
healthy, experimental mice, yet human cancers are
diagnosed and treated in later decades of life when
atherosclerosis and vascular diseases are highly prev-
alent. Here we present evidence that tumor growth
and angiogenesis are profoundly altered in mice af-
fected by natural aging and with genetically induced
atherosclerosis (in ApoE™’~ mice). Thus, transplant-
able tumors (Lewis lung carcinoma and B16F1) grew
at higher rates in young (4 to 8 weeks old) ApoE*’*
and ApoE™’~ nonatherosclerotic syngeneic recipients
than in their old (12 to 18 months old) or atheroscle-
rotic (old/ApoE~"") counterparts. These age-related
changes were paralleled by reduced tumor vascular-
ity, lower expression of tumor endothelial marker 1,
increased acute tumor hypoxia, depletion of circulat-
ing CD457/VEGFR™" cells, and impaired endothelial
sprouting ex vivo. Exposure of tumor-bearing mice to
metronomic therapy with cyclophosphamide exerted
antimitotic effects on tumors in young hosts, but this
effect was reduced in atherosclerotic mice. Collectively,
our results suggest that vascular aging and disease may
affect tumor progression, angiogenesis, and responses
to therapy. (Am J Pathol 2007, 171:1342-1351; DOIL:
10.2353/ajpath.2007.070298)
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In the Western world, the lifetime risk of developing can-
cer is in the range of 30 to 40%," whereas the risk of
having some degree of atherosclerotic damage to the
vasculature by the age of 80 approaches certainty.? It
follows that atherosclerosis becomes an increasingly
common co-morbidity of cancer in the aging population.
To date, this coincidence has attracted little attention,
and most of the work in this area has concentrated
around the possible anticancer activity of cholesterol-low-
ering drugs (statins)® or more general aspects of cancer
patient management, such as cardiovascular performance
status or vascular complications (eg, thrombosis).* Hence,
it is currently unknown whether the course of cancer pro-
gression could be affected by atherosclerosis.

One possible point of pathobiological convergence
between cancer and atherosclerosis is in the involvement
of the vascular system. Thus, processes leading to ath-
erosclerotic vascular damage typically begin during the
first decades of life with initially silent accumulation of
lipids, lipid-laden macrophages (foam cells), and fatty
streaks detectable within walls of major arteries.® With
age, these lesions progress through a complex series of
inflammatory, proliferative, and degenerative stages,
leading to formation of atherosclerotic plagues com-
posed of cellular debris, inflammatory infiltrates, and vas-
cularized smooth muscle cell outgrowths.? The fibrous
cap of such plagues may eventually become unstable
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and rupture, an event associated with well-known throm-
bosis-related cardiovascular emergencies such as myo-
cardial infarction and stroke.? Although overt plaques
originate in defined segments of larger vessels because
of shear stress, endothelial injury, altered mechanosig-
naling, and damage to the vessel wall,? the disease also
possesses distinct systemic hallmarks. These may include
metabolic complications such as hypercholesterolemia, di-
abetes, or hyperhomocysteinemia® but also a systemic ac-
tivation of inflammatory cells (eg, macrophages) and re-
lease of cytokines into the circulation. These inflammatory
constituents of the atherogenic process are thought to par-
ticipate in the diffuse damage to macro- and microvascular
endothelium® and changes affecting circulating endothelial
(and other) progenitor cells.®

Although in humans, progression of vascular changes
is closely associated with other aspects of aging, mice
are genetically resistant to atherosclerosis. In these ani-
mals, a near phenocopy of this disease could be induced
through experimental disruption (knockout) of genes en-
coding critical regulators of cholesterol uptake, such as
apolipoprotein E (ApoE) or low-density lipoprotein recep-
tor.27® ApoE-deficient (ApoE ~/~) mice represent a par-
ticularly well-characterized model of atherosclerosis in
which, similar to humans, early onset hypercholesterol-
emia is followed by formation of fatty streaks and pro-
gressive age-dependent growth of overt obturative mac-
rovascular plagques.” Interestingly, the related defects
extend also to the microvasculature, which in ApoE ™/~
mice has been found to display impaired angiogenic
responses to exogenously added growth factors.®

Angiogenesis is a hallmark and a critical determinant
of cancer progression.'® The process is thought to be
driven by cancer cells, in which activated oncogenic and
hypoxic pathways induce changes that ultimately lead to
mobilization of resident endothelial cells, circulating en-
dothelial precursors, inflammatory cells (eg, macro-
phages), and activated fibroblasts.""'? The resultant tu-
mor microcirculation enables expansion of the tumor
mass, metastasis, and consequently clinical progression
of the disease.™®

It is thought provoking that many cellular components
of the angiogenic circuitry in cancer (eg, endothelial or
inflammatory cells) are also profoundly affected by the
atherosclerotic process and other aspects of vascular
aging.'® This could be of considerable significance for
the efficacy of anticancer therapies including traditional
chemo- and radiotherapy, both dependent on the func-
tional vascular compartment for drug and oxygen deliv-
ery, respectively.’® The status of the vasculature could
be of even greater importance for the efficacy of antian-
giogenic therapies, the increasing role of which is epito-
mized by the recent approval of bevacizumab and at
least two other agents.'® It is noteworthy that the devel-
opment of these new agents has been possible because
of the availability of various sophisticated mouse models
of physiological and pathological angiogenesis, includ-
ing various types of transplantable or genetically induced
tumors.'® It is also true, however, that despite their mo-
lecular precision these models have often failed to accu-
rately predict the diversity of therapeutic outcomes en-
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countered in the clinic, something that is usually ascribed
to unspecified species-dependent biological differences.

To better understand some of the possible causes of
these aforementioned discrepancies, we considered one
aspect that fundamentally separates standard experi-
mental conditions in tumor-bearing mice from those in
corresponding human malignancies, namely the influ-
ence of vascular aging and atherosclerosis. Indeed, the
majority of human cancers occur late in life and generally
in the context of pre-existing and age-dependent athero-
sclerotic vascular alterations, ie, conditions that are pri-
marily absent in the tumor-bearing experimental mice
that are presently in use. Here, we provide evidence that
tumor growth, angiogenesis, and at least some of the
effects of metronomic (antiangiogenic) chemotherapy
differ markedly between standard (ie, young, 4 to 8
weeks old, healthy) experimental mice and their 12- to
18-month-old and atherosclerotic (ApoE™'~) counter-
parts. We propose that aging and vascular co-morbidi-
ties are important modifiers of tumor progression in vivo,
something that perhaps should be considered more
widely when devising and testing new therapies.

Materials and Methods

Cells and Culture Conditions

Lewis lung carcinoma (LLC) and B16F1 melanoma cells
were purchased from American Type Culture Collection
(Manassas, VA). The cells were cultured in Dulbecco’s
modified Eagle medium (HyClone, Logan, UT) supple-
mented with 10% fetal bovine serum (Invitrogen, Carls-
bad, CA).

Mice, Tumor Cell Injections, and Metronomic
Therapy

Both wild-type C57BL/6J mice and their syngeneic
ApoE /'~ counterparts were purchased from The Jackson
Laboratory (Bar Harbor, ME) as 4- to 8-week-old females
and males or as retired breeders 7 to 8 months old. The
latter mice were then housed until they reached 12 to 18
months of age, at which point they were age-matched
and used for experiments. Tumor growth was induced by
a subcutaneous injection of 0.7 to 2.0 X 10° (the same
number in a given experiment) of either LLC or B16F1
cells in 0.2 ml of phosphate-buffered saline. Single-cell
suspension was obtained by brief trypsinization and used
if >95% of cells excluded trypan blue. During injections,
mice were under brief isoflurane anesthesia (1 to 3%)
with oxygen or room air (0.5 L/minute). Tumor growth was
monitored by biweekly measurements and calculated ac-
cording to the formula: TV = (a® X b) X 0.52 [mm3],
where TV is the tumor volume and a and b are perpen-
dicular tumor dimensions in mm."” In experiments involv-
ing metronomic chemotherapy, mice were randomized to
groups as indicated. The treatment arm received 150
mg/kg cyclophosphamide (CTX) (Procytox; ASTA Med-
ica, Ltd., Frankfurt, Germany) on day 2, as recently de-
scribed.'® After a 6-day break, mice were administered
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daily doses of 25 mg/kg i.p. CTX, or equivalent volume of
the vehicle (saline). All in vivo experiments were con-
ducted according to protocols approved by the institu-
tional animal care committees at McMaster and McGill
Universities and in accordance with the guidelines of the
Canadian Council of Animal Care.

Monitoring Progression of Atherosclerosis by
Necropsy and Corrosion Casting of Large Vessels

Mice were anesthetized, injected intravenously with
10,000 U/kg heparin (Wyeth-Ayerst, St. Laurent, QC,
Canada), euthanized, and inspected visually for vascular
lesions in aorta and large vessels. Corrosion casting was
performed as described earlier.’® In brief, the vascula-
ture was perfused with lactated Ringer’s solution (Baxter,
Toronto, ON, Canada) and filled with Batson’s no. 17
casting polymer, a mixture of 6.5 ml of monomer base,
1.5 ml of catalyst, and 0.2 ml of promoter solution (Poly-
sciences, Warrington, PA). After polymerization, the tis-
sue was digested with 30% potassium hydroxide solu-
tion, followed by extensive washing. The gold-coated
vessel casts were imaged by scanning electron micros-
copy (S-570; Hitachi, Tokyo, Japan). Data are available in
Supplemental Figure 1 (available online at http://ajp.
amjpathol.org).

Immunostaining

Microvascular density (MVD) of tumors was assessed by
staining for PECAM1/PECAM/CD31 as described earli-
er.'® In brief, tissue samples were cryoprotected in 15%
and 30% sucrose (O/N in 4°C) and frozen in Tissue Tek
Cryo-Oct Compound (Sakura Finetek, Torrance, CA).
Cryosections 10 um in thickness were postfixed in ice-
cold acetone and stained overnight with the rat anti-
mouse CD31/PECAM antibody (Pharmingen, BD Bio-
sciences, Toronto, ON, Canada) at 1:200 dilution. This
was followed by incubation with biotinylated rabbit anti-rat
secondary antibody (Jackson Laboratory) and Histostain kit
(Zymed Laboratories Inc., South San Francisco, CA) con-
taining aminoethylcarbazole chromophore. Blood ves-
sels were counted from at least five vascular hot spots
per tumor at X400 magnification (Axioskop 2; Zeiss,
Thornwood, NY). An in situ cell death detection kit (POD;
Roche Diagnostics GmbH, Roche Applied Science,
Mannheim, Germany) and a Zymed PCNA staining kit
were used to highlight proliferating and apoptotic cells,
respectively, as described by the suppliers. Areas of
tumor necrosis were identified and measured morpho-
metrically (Northern Eclipse, Mississauga, ON, Canada)
on standard hematoxylin and eosin (H&E)-stained slides.
To assess endothelial cell proliferation, double staining
for PECAM and PCNA was performed as above except
for inclusion of different secondary antibodies, namely:
Alexa Fluor 488 goat anti-rat and streptavidin Alexa Fluor
594, respectively, both from Molecular Probes (Eugene,
OR). At least five areas from each tumor (four to seven
tumors per group) were analyzed under X630 magnifica-
tion. Images obtained with green (PECAM) and red (PCNA)

fluorescence were merged, and the numbers of double-
labeled cells (dividing endothelial cells) were quantified.

Assessment of Tumor Hypoxia

Pimonidazole diluted in 0.9% saline was injected intraperi-
toneally at 60 mg/kg to mice 60 minutes before euthanasia,
as indicated by the manufacturer (Hypoxyprobe; Chemicon
International Inc., Temecula, CA). Tumors were excised,
fixed in 10% formalin, and 5-um thick sections were incu-
bated with the primary antibody directed against pimonida-
zole-protein adducts (mAb, HypoxyProbe-1 Kit; Chemicon
International Inc.). Subsequent treatments with biotinylated
goat anti-mouse secondary antibody (Zymed Laboratories
Inc.) and streptavidin peroxidase (Zymed Laboratories Inc.)
produced color reaction indicative of hypoxia, which was
quantified morphometrically through computerized detec-
tion of the relative color saturation (versus internal control)
by a blinded investigator.

Gene Expression Analysis by in Situ
Hybridization and Northern Blotting

In situ hybridization was performed as described previ-
ously.?° DIG-labeled RNA probes (TEM-1 and VEGFR-2)
were generated by PCR amplification of 500- to 600-bp
products incorporating T7 promoters into antisense prim-
ers. Sense sequences were used as negative controls.
Tumor sections were postfixed with 4% paraformalde-
hyde, permeabilized with pepsin, blocked with in situ
hybridization solution (DAKQO, Carpinteria, CA) and incu-
bated with RNA probes (100 ng/ml, overnight at 55°C).
The signal was amplified by sequential incubation with
anti-DIG and anti-biotin antibodies and biotin tyramide
(all from DAKO), and detected with FastRed TR/Naphtol
AS-MX (Sigma Chemical Co., St. Louis, MO). The signal
intensity was quantified morphometrically using the
Zeiss Axioscope 2 and Northern Eclipse software.
Northern blotting analysis was performed as described
elsewhere.'®

Aortic Ring Assay

This assay was conducted as previously described.?" In
brief, abdominal and thoracic aortas were excised from
the respective groups of mice and sectioned into 1-mm-
long pieces. These fragments were embedded in Matri-
gel and fed with complete endothelial EGM-2 (Clonetics,
Cambrex BioScience, Walkersville, MD) or Dulbecco’s
modified Eagle medium supplemented with 10% fetal
bovine serum. The extent of sprouting was monitored and
quantified microscopically. This vascular reaction was
expressed as the number of rings containing endothelial
sprouts at different time points, and the number of
sprouts per ring at the end of the assay, the latter desig-
nated as a sprouting index.



Detection of Circulating Endothelial-Like Cells
(CCs)

These cells were defined as blood-borne nonleukocytic
(CD457) expressors of VEGFR-2/FIk-1 (VEGFR-2*) and
assayed in LLC tumor-bearing mice (day 8) or tumor-free
mice, essentially as described elsewhere.? In brief, pe-
ripheral blood was collected into 2 mmol/L Na,EDTA and
transferred to microtainer tubes containing K,EDTA (BD
Diagnostics, Franklin Lakes, NJ). Cell counts for red
blood cells, white blood cells, and the differential were
followed by lysis of red blood cells and washing of sam-
ples in the staining buffer containing 2 ug/ml FcR Block
(BD Biosciences, San Diego, CA). The cells were incu-
bated for 30 minutes with fluorochrome-conjugated pri-
mary antibodies, or control IgGs, including CD45-PerCP,
Flk-1-PE, CD117-APC, 1gG2a-PE, and 1gG2b-APC (all
from BD Biosciences), washed, and fixed in 1% parafor-
maldehyde. The multicolor flow cytometry analysis was
conducted on sequential gating of leukocytes, CD45~
cells and quantification of events positive for VEGFR2.
Because the incidence of double-positive (VEGFR2%/
CD1177%) cells was low and inconsistent, these cells were
excluded from further analysis. The results were ex-
pressed as the number of CD457/VEGFR-2" cells/ul of
blood.

Statistical Analysis

The data were presented as the mean value (=SD) de-
rived from several independent data points. Each exper-
imental group consisted of four to nine animals (three to
five in experiments involving fluorescence-activated cell
sorting). Experiments were reproduced at least twice
(some up to nine times) with similar results. In most
assays, analysis of variance was used to test the signif-
icance of numerical differences, except for experiments
with repeated measurements across time, in which mul-
tivariate analysis of variance was applied (tumor volume).
In addition, a least squares difference test for multiple
comparisons was used and the sprouting assay was
analyzed with Fisher’s exact test. Values are considered
statistically different (*) when P is <0.05, with significance
level « = 0.05.

Results

Differential Tumor Growth in Healthy versus
Atherosclerotic Mice

Cancer models based on tumor generation in healthy 4-
to 8-week-old experimental mice are a source of increas-
ing concerns,'® because they do not account for the
impact of aging and atherosclerosis, both common in
adult cancer patients. To begin bridging this gap, we
used as tumor recipients ApoE '~ mice, in which as in
humans, a well-described sequence of events leads from
hypercholesterolemia to progressive formation of intra-
vascular plaques and other hallmarks of atherosclerosis,
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Figure 1. The impact of aging and atherosclerosis on tumor aggressiveness
in mice. Robust growth of B16F1 melanoma (A) and LLC (B) in healthy 4- to
8-week-old/wild-type (young) C57BL/6 mice is markedly suppressed in 12-
to 18-month-old C57BL/6/wild-type (old) mice and even more so in 12- to
18-month-old ApoE ™"~ mice (old/ApoE™" ") with developed atherosclerosis.
C: Tumor growth is unaffected by the ApoE™* or ApoE™/~ status in young
mice, the latter of which are severely hyperlipidemic but have no overt
vascular disease (*, statistically significant; NS, insignificant; details in Re-
sults). D: Comparison of tumor volumes in ApoE ™/~ versus ApoE™" ™" recip-
ients as a function of their age (because this is a compilation of independent
experiments, analysis of variance tests were conducted on paired groups of
interest, as indicated).

especially in older animals (Supplemental Figure 1, see
http.//ajp.amjpathol.org).” Thus, B16F1 mouse melanoma
or LLC cells were injected subcutaneously into either stan-
dard age, young and healthy 4- to 8-week-old C57BL/6
mice (designated as young throughout the text) or to their
counterparts with overt atherosclerosis (Figure 1). The latter
condition was found to culminate in 12- to 18-month-old
C57BL/6/ApoE"~ mice (old/ApoE~'") because of dis-
rupted expression of the ApoE gene combined with age-
dependent progression of overt vascular lesions (Supple-
mental Figure 1, see http://ajp.amjpathol.org).” Such lesions
are not apparent in age-matched (12 to 18 months old)
C57BL/6/ApoE™* mice, or in young (4 to 8 weeks old)
C57BL/6/ApoE '~ hypercholesterolemic animals, both of
which were initially used as controls in our study and des-
ignated as either old or young/ApoE /", respectively.
Interestingly, both aging and atherosclerosis exerted a
pronounced, negative impact on tumor take and progres-
sion (Figure 1). Thus, B16F1 and LLC tumors exhibited
significantly (P < 0.05) diminished growth rates in old/
ApoE '~ (atherosclerotic) mice relative to their young/
ApoE*'* (atherosclerosis-free) counterparts (Figure 1, A
and B). These effects could not be attributed to hyper-
cholesterolemia or other obvious metabolic perturbations
associated with the ApoE deficiency because tumor
growth remained essentially unchanged in young (4 to 8
weeks old) mice regardless of their ApoE /'~ (hyperlipid-
emic/nonatherosclerotic) or ApoE™" (normolipidemic/
nonatherosclerotic) status (Figure 1C). Tumor growth re-
tardation was also observed in aging ApoE*'* (old) mice,
but this effect was somewhat less robust than in the case
of age-matched mice with overt atherosclerosis (Figure 1,
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Figure 2. Impact of host aging and atherosclerosis on changes within the
tumor cell compartment. A: PCNA staining of LLC tumors reveals diminished
mitogenic activity of cancer cells (LLC) growing in old and/or atherosclerotic
(old/ApoE™"7) mice versus those in young mice; section on the left, PCNA
quantification; section on the right, example of immunostaining (LLC in a
young mouse). B: TUNEL staining of tumors (right) reveals increasing vari-
ability but no consistent change in apoptotic indices of LLC tumors in young,
old, and old/ApoE ™/~ mice (left). C: Increase in the extent of severe hypoxia
(lefv) in LLC tumors growing in old and/or atherosclerotic (old/ApoE™"7)
mice versus those in young mice. Immunodetection of pimonidazole-protein
adducts (right, red staining) was used as a measure to assess the degree of
hypoxia (*, statistically significant; NS, insignificant; details in Results).

A and B). These observations suggest that aging per se,
but more so aging superimposed with atherosclerosis,
contributes to modulation of the inherent aggressiveness
of cancer cells in vivo (Figure 1D).

Impact of Host Aging and Atherosclerosis on
the Properties of Cancer Cells in Situ

Because changes in tumor growth occurred only in old
and atherosclerotic (old/ApoE /") mice, we chose to as-
sess further the impact of these two host conditions on
cancer cells. In this regard, staining of tumor sections for
markers of cellular mitogenesis, such as proliferating cell
nuclear antigen (PCNA) revealed a significant reduction
in proliferative activity of cancer cells (LLC) in both old
(ApoE™™) and atherosclerotic (old/ApoE™~'") tumor re-
cipients, as compared with their young (ApoE*'*) coun-
terparts (Figure 2A and Supplemental Figure 2 at http://
ajp.amjpathol.org). This effect was significantly more
pronounced in old/ApoE ™/~ mice. In contrast, although
staining for apoptotic cancer cells (TUNEL) documented
their ubiquitous presence in all LLC tumors, their num-
bers did not visibly change in old and atherosclerotic
hosts, but rather exhibited increasing tumor-to-tumor

variability (Figure 2B). Such variability was also observed
in expression of phosphorylated forms of MAPK and Ak,
although in this case both activities were visibly reduced
in cancer cells growing in old/atherosclerotic mice versus
those in young animals (data not shown).

One possible reason for regional variation in the be-
havior of cancer cells may be their exposure to different
microenvironmental stresses, such as hypoxia. To exam-
ine this possibility we stained LLC tumors for protein
adducts of pimonidazole (HypoxyProbe), which are pro-
duced by cells deprived of oxygen. Essentially all tissue
specimens contained regions of pimonidazole staining
(hypoxia), but we observed a significant shift from mod-
erate to severe hypoxia in LLC tumors growing in athero-
sclerotic (old/ApoE~'~) mice relative to their young non-
atherosclerotic counterparts. An increase in severe
hypoxia also occurred in old/ApoE™" mice, albeit to a
somewhat lesser extent (Figure 2C). Although the differ-
ences between young and old mice were statistically
significant, those between old and atherosclerotic ani-
mals (old/ApoE™'* versus old/ApoE /") were not. This
suggests that the process of host aging as such may
impact oxygenation and growth of the emerging tumors.

Impact of Host Aging and Atherosclerosis on
Tumor Microvasculature

We reasoned that the aforementioned changes in tumor
hypoxia could originate as a consequence of perturba-
tions within the tumor microvasculature. Indeed, micro-
vascular changes were detected at the structural, func-
tional, and molecular level. We first assessed the MVD of
LLC tumors in young, old, and atherosclerotic mice by
staining the respective tissue sections for the panendo-
thelial marker CD31/PECAM, followed by MVD quantifi-
cation in vascular hot spots. Interestingly, MVD counts
were markedly higher in LLC tumors growing in young
mice than those of tumors in old, or atherosclerotic (old/
ApoE /") recipients (Figure 3A). Moreover, dual-immun-
ofluorescent staining of LLC tumor sections for CD31 and
PCNA revealed that tumor-associated endothelial cells
are more mitotically active (ie, contain a higher fraction of
CD31/PCNA double-positive cells) in young tumor recip-
ients than corresponding cell populations in old and/or
atherosclerotic mice (Figure 3B and Supplemental Figure
3 at http.//ajp.amjpathol.org). Finally, we used in situ hy-
bridization to assess the expression of mRNA for tumor
endothelial marker 1 (TEM-1), a molecular indicator of
active angiogenesis.?® TEM-1 expression levels in tumor-
associated endothelial cells were significantly greater in
tumor microvasculature of young mice compared with old
and atherosclerotic (old/ApoE~/") hosts (Figure 3C, and
Supplemental Figure 4 at http.//ajp.amjpathol.org). As
with hypoxia, in all these instances the changes were
somewhat more pronounced in atherosclerotic (old/
ApoE ~/7) mice than in their age-matched but atheroscle-
rosis-free old/ApoE*'* counterparts. However, these dif-
ferences were not statistically significant (Figure 3, A-C).
Collectively, these results suggest that the sluggish
growth of tumors in old and atherosclerotic mice could be



A
2 | Microvascular density
é *
S
K
>
=
z
=
<
[S)
w
o
YOUNG OLD OLD/APOE-/-

B
o - - -
g Endothelial prgllferatlon PECAM/PCNA - IF
é 51 )
8 ]
g 4 s
w 31
z
< 2]
3 4
e 1

0"

YOUNG OLD OLD/APOE-/-
g TEM-1 i S
s 4 -1 expression TEM-1 mRNA - ISH
> Y P :
£ 3 e %oy
g g 5
o ¥ %
2 >

; 2 * o £ \4‘.
c - '
E 4
=
w
(=

YOUNG OLD OLD/APOE-/-

Figure 3. Impact of aging and atherosclerosis on changes within the vascular
compartment of LLC tumors. A: Staining for endothelial markers (right)
reveals robust PECAM1/PECAM staining (red) of LLC tumors in young recip-
ients. Reduced MVD was observed in tumors growing in old and/or athero-
sclerotic (old/ApoE ™" ") mice. B: LLC tumors in old and old/ApoE ™"~ mice
exhibit reduced endothelial cell proliferation as measured by the number of
PCNA/PECAM-double-positive cells. Right: Example of immunofluorescent
(IF) double staining for PECAM (green) and PCNA (red, LLC in a young
mouse). C: Differential expression of the TEM-1 mRNA in young, old/
ApoE*™ (old), and atherosclerotic (old/ApoE™"") mice (left). The in situ
hybridization signal (right, example of TEM-1 staining) was quantified mor-
phometrically (*, statistically significant; details in Results).

linked, at least in part, with the age-dependent angio-
genic dysfunction of the endothelium in tumor blood
vessels.

The Impact of Age and Atherosclerosis on
Endothelial Cells

To understand the nature of host- and age-dependent
microvascular perturbations in LLC tumors, we chose to
examine more directly the properties of resident and
circulating endothelial cells in young, old, and athero-
sclerotic mice. First, the aortic segments from the respec-
tive tumor-free animals were used to assess spontaneous
ingrowth of endothelial capillary sprouts into the sur-
rounding matrix (Figure 4A).2" In this setting, aortic ex-
plants from young mice gave rise to robust capillary
growth, which reached a plateau within only 4 to 7 days.
In contrast, cultures derived from old and atherosclerotic
mice exhibited a marked delay (by at least 24 to 48
hours) in deployment of capillary sprouts, and some aor-
tic rings failed to form them altogether (Figure 4B). More-
over, even after 7 days in culture, the numbers of sprouts
per aortic ring (sprouting indices) were still significantly
lower in the case of aortas of old and atherosclerotic mice
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Figure 4. The impact of age and atherosclerosis on the angiogenic potential
of endothelial cells. A—C: Age- and atherosclerosis-dependent diminution of
microvascular sprouting ex vivo from isolated aortic rings. A: Aortas were
isolated from young, old, and atherosclerotic (old/ApoE~"") mice, their
fragments embedded in Matrigel, and monitored for formation of endothelial
sprouts. In comparison to their young counterparts, isolates from old and
atherosclerotic mice exhibited a significantly (*) reduced efficiency in time-
dependent formation of endothelial outgrowths (B, number of aortas with
sprouts) and a markedly lower number of sprouts per aorta (C, mean * SD).
Aortas of atherosclerotic mice displayed a consistent but statistically insignif-
icant reduction of sprouting capacity as compared with vessels of old mice
(see Results).

than when explants originated from their young and
healthy counterparts (Figure 4C). Although in this assay
sprouting capacity of endothelial cells from old/ApoE '~
(atherosclerotic) mice was somewhat more impaired than
that of cells derived from old/ApoE™*/* (nonatheroscle-
rotic) donors, the difference was not statistically signifi-
cant (Figure 4, B and C). Thus, once again, aging leads
to permanent and intrinsic changes in properties of res-
ident endothelial cells, which impairs their ability to effi-
ciently form angiogenic sprouts.

In addition to stimulating local vascular growth, tumor
angiogenesis often entails mobilization of endothelial-like
(progenitor) cells into the circulation.?®2* Therefore, we
tested the presence of such CD457/VEGFR-2" circulat-
ing cells (CCs) in blood of mice harboring LLC tumors
(Figure 5) and found them readily detectable in both
young and old nonatherosclerotic (ApoE*'*), tumor-
bearing mice (4 to 8 cells/ul). In contrast, numbers of
these cells were significantly diminished (by up to eight-
fold) in blood of atherosclerotic (old/ApoE /") tumor re-
cipients. It is noteworthy that levels of CCs were also
extremely low in tumor-free atherosclerotic mice. The lack
of an appreciable increase of CCs in this particular con-
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Figure 5. Diminished number of circulating endothelial-like cells (CD45™/
VEGFR-2") in tumor-bearing atherosclerotic mice versus nonatherosclerotic
(old and young) counterparts (*, statistically significant; details in Results).
Baseline levels of these CCs have been examined in at least three tumor-free
mice in each age category and are indicated as dotted/dashed lines.

text is in contrast to old mice (without atherosclerosis), in
which despite some variability, we noted an increase in
the numbers of these cells in the presence of LLC tumors.

Overall our results suggest that, at least in the exper-
imental settings explored thus far, aging per se dimin-
ishes mainly the function of resident endothelial cells,
whereas atherosclerosis (in old/ApoE /") leads to an
additional depletion of circulating endothelial-like cells in
both tumor-free and tumor-bearing mice (Figure 5). The
striking parallel between these changes and the afore-
mentioned pattern of tumor growth retardation (Figure 1)
may suggest a convergence of multiple mechanisms, by
which vascular disease and aging could alter tumor neo-
vascularization, progression, and possibly (by extension)
outcomes of therapy.

Aging and Atherosclerosis as Modulators of
Tumor Responsiveness to Metronomic
Chemotherapy

It is of considerable practical interest to determine
whether atherosclerosis and vascular aging affect the
course of anticancer therapy, especially with antiangio-
genic agents. To explore this question we chose to use
the optimized protocol of metronomic chemotherapy with
CTX, the antiangiogenic effects of which were recently
described.'®2° In this setting CTX is initially given in a
single high dose (150 mg/kg, day 2), possibly causing
both direct and indirect antitumor effects (Figure 6, A and
B). Subsequently, the drug is given in daily low doses (25
mg/kg), and its cytotoxic action is thought to be redi-
rected primarily toward angiogenic endothelial cells in-
stead of cancer cells themselves.'® In agreement with
these reports, we observed that this treatment was gen-
erally well tolerated and blocked gross volume increases
of LLC tumors by up to 70 to 90% in young, old, and
atherosclerotic mice, with tumors in old mice being some-
what more affected (Figure 6B). We also observed a
similar pattern of growth inhibition in the case of B16F1
tumors (data not shown). This global profile of respon-
siveness is understandable because the treatment in-
cludes a directly cytotoxic, early, high dose of CTX,
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Figure 6. Age- and atherosclerosis-dependent changes in tumor responses
to metronomic protocol of chemotherapy with CTX. A: Schema of the CTX
therapy as described by Bocci and colleagues.'® The protocol includes an
initial higher dose (150 mg/kg) followed by a rest period and a sequence of
daily, low metronomic doses of the drug (25 mg/kg i.p.). B: Early treatment-
related inhibition of global tumor growth. C: Treatment-related increase in
the extent of necrosis within established LLC tumors extracted from young
mice, while on metronomic dosing of CTX. Interestingly, this effect is not
observed in tumors of old and old/ApoE™"~ mice. The values represent the
percentage of necrotic area measured morphometrically in H&E-stained
sections of tumors exposed to CTX relative to necrosis in vehicle-treated
corresponding control tumors (100%, dashed line). D: Host-dependent
changes in mitogenic activity of cancer cells in mice subjected to metronomic
CTX or vehicle (percent decrease in PCNA staining). Of note, metronomic
therapy translates into reduced tumor cell proliferation (PCNA positivity) in
nonatherosclerotic mice (young and old) but does not change mitotic indices
of LLC cells growing as tumors in old/ApoE™"~ recipients (*, statistically
significant; details in Results).

YOUNG OLD

something that would unlikely be affected by vascular
aging or atherosclerosis.

However, more detailed analysis of tumors collected
during the later metronomic phase of the CTX treatment
(Figure 6A) revealed several subtle, but potentially impor-
tant, host-dependent differences. For instance, CTX
treatment increased significantly the extent of tumor ne-
crosis (necrotic area) in young mice, whereas such
changes were not observed in old or atherosclerotic tu-



mor recipients (Figure 6C). Moreover, staining for PCNA
revealed that metronomic treatment resulted in a de-
crease in proliferation of cancer cells (LLC) in young and
old (old/ApoE**) animals by ~30% and 25%, respec-
tively (versus corresponding vehicle-treated controls). In
contrast, this treatment evoked no such changes in pro-
liferation of LLC tumors growing in atherosclerotic (old/
ApoE /") recipients (Figure 6D). We have also observed
a trend toward an increase in expression of certain angiogen-
esis-related transcripts in tumors subjected to metronomic
CTX, including ubiquitous up-regulation of tissue factor and
preferential up-regulation of thrombospondin-1 in atheroscle-
rotic mice. These latter changes were modest in magnitude,
variable, and ultimately statistically insignificant (data not
shown). Although much remains to be understood with re-
gard to the scope and antiangiogenic nature of metronomic
chemotherapy,'® our results suggest that vascular aging
and related co-morbidities may interfere with its biological
effects in cancer.

Discussion

The results of our study raise the possibility that age-
related vascular diseases may influence the course of
tumor progression and treatment. In this regard, we ob-
served that the chronic atherogenic process in ApoE '~
mice not only leads to the well-known damage to the
macrovasculature® but also affects microvascular events
relevant to tumorigenesis. It is noteworthy that unlike in
humans, atherosclerosis in mice is not a common com-
ponent of the organismal aging and can only be induced
by genetically engineered predisposition.” In this regard,
by using age-matched ApoE*'* and ApoE ™/~ mice, we
were able to document (and separate) the contribution of
aging and atherosclerosis to alterations in tumor progres-
sion and angiogenesis.

We observed a striking growth retardation of two un-
related tumors (B16F1 and LLC) in both old/ApoE*'* and
old/ApoE /" mice. This was coupled with a diminished
MVD, lowered microvascular proliferation index, and a
decrease in the expression of TEM-1 by tumor endothelial
cells. TEM-1, also known as endosialin, was recently
identified as one of the unique markers of tumor-associ-
ated vasculature, the expression of which is indicative of
the pathological hyperstimulation of endothelial cells.?®
We have also observed a decrease in expression of
mRNA encoding the type 2 receptor for vascular endo-
thelial growth factor (VEGFR-2) by tumor-associated en-
dothelial cells in both old and atherosclerotic (old/
ApoE /") mice, albeit the pattern of these changes
differed somewhat from that of TEM-1 expression (Sup-
plemental Figure 4, see http.//ajp.amjpathol.org). More-
over, endothelial cells derived from these respective
mice (even in the absence of tumors) were significantly
impaired in their angiogenic capacity in vitro, as determined
using the aortic ring-sprouting assay. Collectively, these
results support and extend previous observations®—2° in-
dicating that aging has a profound detrimental effect on
endothelial cell properties, vascular integrity,*®>" and an-
giogenic proficiency, including in cancer.?®
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Although the apparent dysfunction of resident endo-
thelial cells was consistently more severe in old/ApoE '~
mice than in their old/ApoE™/" counterparts, the respec-
tive differences did not reach statistical significance
when applied to individual assays. This may reflect insuf-
ficient sensitivity of these assays, or suggest a predom-
inant influence of age-related antiangiogenic effects
rather than atherosclerosis. Interestingly, the key role of
the latter condition in modulating vascular homeostasis
was revealed by our novel observation that in tumor-
bearing (and tumor-free) old/ApoE '~ mice the levels of
circulating CD457/VEGFR-2* cells were primarily de-
pleted relative to nonatherosclerotic animals, both young
and old. This parallels and potentially explains the more
severe tumor growth suppression observed in old/
ApoE ™/~ animals compared with old/ApoE™" nonath-
erosclerotic tumor recipients. We refer to CD457/
VEGFR-2* cells as endothelial-like or circulating cells
(CCs), rather than using more common terms such as
circulating endothelial cells, or circulating endothelial
progenitors/endothelial progenitor cells.®* This is be-
cause of the still unsettled debate as to the exact nature
and function of circulating endothelial cells and circulat-
ing endothelial progenitors/endothelial progenitor cells®?
and also because we were unable to conclusively and
consistently determine the presence or absence of pro-
genitor markers (eg, CD117) on the surface of the cells
analyzed in our experiments. Still, these observations
suggest that both aging and atherosclerosis may play
important and distinctive (cumulative) roles in the modu-
lation of tumor-vascular interactions.

Our results shed new light on the emerging linkage
between aging, atherosclerosis, and tumor angiogene-
sis. Thus, recent reports indicate that certain proathero-
genic stimuli may induce signs of cellular aging in human
endothelial cells in vitro®® and that experimental angio-
genesis may be impaired in atherosclerotic animals.® In
patients at risk for atherosclerosis, aging affects the lev-
els of endothelial progenitor cells and this in turn may
impact the severity of the atherosclerotic process.® It is
thought, that endothelial progenitor cells could partici-
pate in repair of atherosclerotic lesions, and therefore a
decrease in their levels could accelerate progression of
the vascular disease.® In one study transfer of bone
marrow-derived endothelial progenitor cells from young
mice to their older atherosclerotic counterparts resulted
in attenuation of vascular damage.®* Moreover, changes
in levels of endothelial progenitor cells parallel ongoing
angiogenesis and antiangiogenesis in the context of can-
cer.?®2* Here we provide experimental evidence that
both resident and circulating endothelial cells are in dif-
ferent ways affected by age and atherosclerosis, and
these changes correspond to the dynamics of tumor
angiogenesis and growth.

We cannot formally exclude the possibility that tumor
growth retardation in old and particularly in atheroscle-
rotic mice may also be affected by inflammatory, meta-
bolic, or physiological changes. However, we observed
that tumor growth rates in severely dyslipidemic young/
ApoE ™/~ and normolipidemic young/ApoE ** mice (both
nonatherosclerotic; Figure 1) were, indeed, very compa-
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rable,® an observation that suggests that high cholesterol
levels are unlikely to be responsible for impaired tumor
growth in old/ApoE '~ mice. Interestingly, body weight
and fatty tissue accumulation was markedly reduced in
the latter animals in comparison with their age-matched
old/ApoE*'* counterparts (data not shown). Because ac-
cumulation of body fat is thought to depend on angio-
genesis (Ref. 10 and references therein) it remains to be
established whether atherosclerosis also affects cancer-
unrelated forms of vascular growth.

Importantly, our study suggests that aging and athero-
sclerosis may alter at least some of the consequences of
anticancer therapy. In this regard, administration of low
daily doses of CTX is thought to act selectively (but not
exclusively) on the endothelial cell compartment (includ-
ing both resident and circulating cells). The resulting
angiogenesis inhibition and tumor hypoxia are thought to
interfere with the mitogenesis and survival of cancer
cells.?*25 Interestingly, our experiments revealed that at
least some of these host-mediated responses (ie, a re-
duction in mitotic indices and an increase in tumor ne-
crosis) were significantly alleviated in old and atheroscle-
rotic mice. It should be noted, however, that the protocol
we used, although originally described as metronomic,'®
may also exert nonantiangiogenic effects on tumor
growth. This is attributable to both complexities of CTX
action itself and the inclusion of one high (cytotoxic) dose
of the drug at the beginning of the treatment (compare
Figure 6A).

We propose that aging and atherosclerosis may alter
the state, availability, and/or sensitivity of antiangiogenic
target cells in tumor-bearing animals. In this regard an
interesting study published recently by Izumi and col-
leagues®® examined therapeutic responses of autochtho-
nous tumors (mainly sarcoma or adenocarcinoma) occur-
ring spontaneously in 21- to 25-month-old C3Hf/Sed
mice. This study revealed that despite the increasing
aggressiveness of such old-age tumors on their reinoc-
ulation into secondary recipients, they still responded to
potent antiangiogenic inhibitors of VEGFR-2 (DC101).%° It
would be of considerable interest to assess whether this
class of agents would have a similar impact on tumors
growing in atherosclerotic hosts. It should be mentioned
that the antiangiogenic (and other) activities of agents,
such as VEGF inhibitors, or metronomic CTX could also
be modulated indirectly, namely by aging/atherosclero-
sis-dependent changes in drug metabolism, biodistribu-
tion, and pharmacokinetics. Collectively, the impact of
atherosclerosis on tumor responses may entail multiple
mechanisms and be relevant to several types of antican-
cer treatment, including targeted agents and conven-
tional therapeutics, all of which depend on tumor micro-
circulation for drug delivery and/or efficacy.'

It should be mentioned that the murine model systems
used in our study are not fully optimized to accurately
reflect mitogenic, tumorigenic, and angiogenic proper-
ties of human cancers (analysis of additional, slow-grow-
ing, spontaneous, and human tumors is warranted). Still,
our results are reminiscent of certain intriguing clinical
observations. For instance, reduced disease aggressive-
ness is sometimes (but not always) observed in elderly
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Figure 7. The possible impact of vascular co-morbidities on angiogenesis
and anti-angiogenesis in cancer. In standard experimental mice (usually 4 to
8 weeks old), the responses of the microvasculature to angiogenic and
anti-angiogenic influences are generally unperturbed and relatively robust.
The impact of several metabolic, inflammatory, and degenerative changes
associated with aging and vascular diseases may alter these responses in old
and atherosclerotic mice and in human cancer patients, the majority of whom
are individuals in later stages of life (see Results). We postulate that young
mice and pediatric cancer patients may therefore respond differently to
anti-angiogenic agents than adult patients.

patients with breast, colorectal, and lung cancers,¢-2

although it is presently unclear whether these changes
are of a vascular nature. In some instances the impact of
age on the effects of antiangiogenic agents has been
noticed in experimental®® and clinical malignancies.*®

Out of necessity our study left a number of question unan-
swered. Of particular interest is the possibility that thrombosis,
vascular damage, inflammation, altered neovascularization,
and other constituents of the atherosclerotic process could
affect (exacerbate) tumor cell dissemination, secondary
metastatic growth, and therapeutic responsiveness.**’
Studies in this direction are currently underway.

In conclusion, we propose that age and vascular sta-
tus should perhaps be considered more fully when de-
signing therapies for pediatric versus adult cancer pa-
tients (Figure 7) or extrapolating the respective treatment
efficacies from standard experimental models involving
young mice. In this regard we suggest that old and
atherosclerotic mice used in the present study could offer
a useful model for testing anticancer agents destined for
use in adult patients.
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