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Abstract
In this review, we highlight some of recent studies underscoring the importance of the tumor
microenvironment, especially the role of bone marrow-derived myeloid cells, in restoring tumor
growth after irradiation. Myeloid cells are hematopoietic cells that give rise to monocytes and
macrophages in the peripheral blood and tissues. These cells have been shown to be proangiogenic
in tumors promoting tumor growth. We also discuss our previously unpublished results on the effect
of irradiation on the tumor vasculature including pericyte and basement membrane coverage to the
endothelium of tumor blood vessels. We summarize the clinical significance of these studies
including the use of MMP-9 inhibitors, administering white blood cell boosters, or planning safety
margin of tumor volumes, in order to improve overall clinical benefits in cancer patients treated with
radiotherapy.
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Tumor Regrowth after Radiotherapy: Intrinsic Tumor Sensitivity versus
Stromal Contribution

Radiotherapy is often given as the first line therapy to patients with many types of cancers,
especially those with unresectable tumors. Compared to other treatment modalities,
radiotherapy offers advantages including spatio-temporal flexibility in tumor-targeting, non-
invasiveness and organ-preservation. However, despite recent advances in radiotherapy such
as intensity-modulated (IMRT) and image-guided radiotherapy enabling reductions in dose to
critical adjacent normal tissues,1 tumors relapse in many of the treated patients primarily due
to an inability to control the primary tumors.2 Interestingly, many of these relapsed tumors
appear within previous irradiated regions.3

Typically radiotherapy is delivered to the tumor as 2 Gy fractions given five times weekly to
total doses of 50–70 Gy using IMRT,3,4 or 1–5 fractions delivering 15–67.5 Gy using image-
guided robotic stereotactic radiosurgery.5 Experimental studies in vitro and with transplanted
tumors show that such doses will kill the vast majority (>99%) of both the tumor and endothelial
cells6–8 despite the fact that the presence of hypoxia in tumors affords some protection against
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radiation-induced cell killing.9 The fact that tumor growth following high doses of irradiation
depends on a viable vasculature10 suggests that there is a mechanism by which the tumor
vasculature can be restored despite the fact that most, if not all, the endothelial cells in the
tumor have been sterilized. Recently, we demonstrated that bone marrow-derived myeloid cells
may provide this mechanism: they enter irradiated tumors to restore the damaged tumor
vasculature thereby allowing growth of the tumor following irradiation.11 Herein we discuss
some recent studies supporting these observations.

There is no doubt that the intrinsic sensitivity of tumor cells is a major factor affecting the
sensitivity of tumors to irradiation. For example, studies by Gerweck and colleagues
demonstrated that expression of the DNA double strand break repair gene, DNA-PKcs in a
tumor cell line made the tumor more resistant to irradiation than that without DNA-PKcs
expression.12,13 Furthermore, genes that are not directly involved in DNA repair that are
expressed by tumor cells can also play a role in affecting radiosensitivity of tumors.
Overexpression of epidermal growth factor receptor (EGFR) in tumors, for example, is
associated with radioresistance,14 and inhibition of EGFR by selective tyrosine kinase
inhibitors including erlotinib15 and gefitinib,16 or by the monoclonal antibody cetuximab17

significantly sensitizes tumors in pre-clinical and clinical settings.

However, there is increasing evidence to suggest that stromal components in tumors can also
contribute to the tumor response to irradiation. Recent studies have shown that tumors were
much more sensitive to irradiation when grown in mice where endothelial cells are susceptible
to undergo apoptosis following irradiation: such as mice deficient for p53,18 acid
sphingomyelinase, or Bax.19 Furthermore, severe combined immunodeficient (SCID) mouse
defective of DNA-dependent protein kinase has been an excellent model to demonstrate the
impact of stromal cells on the tumor radiosensitivity. It is well documented that tumors grown
in SCID mice, in which all the cells are highly radiosensitive, are much more sensitive to
irradiation than those in other immunodeficient (e.g., nude) mice when the tumor response was
assayed by growth delay.6,12,13,20 However, Budach and colleagues21 reported that the
difference in the response between tumors transplanted in SCID and nude mice to irradiation
disappears when the end point is measured as the radiation doses needed to achieve local control
in 50% of the treated animals (TCD50). The former studies that examined the growth delay
used radiation doses of up to 20 Gy6,13 while the latter study of TCD50 ranges from 35 to >100
Gy.21 These very high doses of irradiation used in the TCD50 studies (35–>100 Gy) would be
expected to sterilize all of endothelial cells in the tumor and the immediately surrounding
normal tissue, raising the question of how a functioning vasculature to develop to allow the
surviving tumor cells to regrow the tumor. Are there circulating cells that would enter the
irradiated tumors to help rebuilding the tumor vasculature? If there are, what are they?

Bone Marrow-Derived Hematopoietic Cells: More Than Just Blood
Tumor vasculature is formed by two mechanisms: angiogenesis and vasculogenesis.
Angiogenesis is the process by which new blood vessels are formed by endothelial cell
proliferation and sprouting from nearby existing blood vessels.22 Vasculogenesis involves
colonization in the tissue or tumor of circulating cells primarily derived from the bone marrow
to form new blood vessels in situ.22

Many studies have reported that the bone marrow-derived circulating cells that incorporate
into the tumor vasculature are endothelial progenitor cells (EPCs).23–25 These cells express
endothelial cell-specific markers such as CD31 (platelet-endothelial cell adhesion molecule-1;
PECAM), VE-cadherin and/or VEGFR-2,23 and comprise 50–100% of all tumor vasculature
in some studies.19,25 In these studies and others, EPCs were identified by transplanting into
lethally irradiated non-transgenic mice whole bone marrow cells from transgenic mice that
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express genetic markers such as β-galactosidase (lacZ) or green fluorescent protein (GFP)
either ubiquitously or under endothelial specific conditions. Although these transgenic mice
have proven themselves to be useful in studying prenatal vasculogenesis,26,27 the extent to
which the bone marrow-derived EPCs from these mice contributes to the tumor vasculature
varies widely and is controversial.11,25,28–30 Nonetheless there is evidence that isolated human
EPCs show endothelial cell characteristics such as the formation of endothelial tubes when
cultured onto a matrigel basement membrane support or when admixed with matrigel and
implanted into immunodeficient mice.31 In addition, it has been shown that genetic depletion
of EPCs together with hematopoietic cells inhibits tumor growth in mice.25

Other populations of bone marrow-derived hematopoietic cells in the myeloid lineage,
including Tie2-expressing mononuclear cells (TEMs), tumor associated macrophages (TAMs)
and myeloid-derived immune suppressor cells (MDSCs), have been recognized for their roles
in facilitating tumor growth.29,32,33 These bone marrow-derived myeloid cells express CD45
leukocyte antigen and myeloid-specific CD11b and/or Gr-1 surface markers, and eventually
differentiate into monocytes, macrophages and granulocytes. Studies have shown that myeloid
cells contribute to tumor angiogenesis when admixed with tumor cells,32 inhibit tumor growth
when genetically depleted,29 and mediate refractoriness of the tumor to anti-VEGF therapies.
34

In a recent study, we demonstrated that CD11b+ myeloid cells contribute to tumor growth in
previously irradiated tissues by expressing MMP-9, an extracellular matrix-degrading enzyme.
11 Implanting tumors into previously irradiated tissues is a widely used model system known
as the ‘tumor bed effect’.35 Tumors grown in this way mimic human recurrent primary tumors
after radiotherapy by showing increased hypoxic fractions and decreased radiocurability,36 as
well as increased metastatic frequency.37 In this model we found that tumors could not grow
in MMP-9 knockout (KO) mice while the growth was completely restored by transplanting
wild-type bone marrow into the MMP-9 KO mice. Furthermore, by performing
immunostaining for MMP-9 in tumors of these mice we found that the wild-type bone marrow
cells gave rise to essentially all of the CD11b+ myeloid cells in the tumor.11 The importance
of MMP-9 expressing myeloid cells has been also reported in studies where these cells were
shown to initiate and promote tumor angiogenesis32,38 and to facilitate transition of multistep
carcinogenesis39–41 in mouse models of cancers.

Despite the evidence for the involvement of bone marrow-derived myeloid cells in tumor
angiogenesis and growth, the mechanisms by which these myeloid cells can mediate these
effects are poorly understood. Studies have shown that these cells are recruited to sites of
vasculogenesis by various cytokines and growth factors including VEGF,42,43 stromal derived
factor-1 (SDF-1),43 placental growth factor44 and granulocyte/macrophage colony stimulating
factor.45 The proangiogenic function of these cells is variously attributed to their expression
of MMP-9,11,32,39,40 nitric oxide synthase,46 VEGF47 and transforming growth factor-β.48 We
speculate that these features of myeloid cells provide powerful ways to remodel the tumor
microenvironment that is necessary for growth and survival of tumors. However, further studies
are needed to fully understand how myeloid cells contribute to tumor blood vessel growth.

Effect of Radiation on the Tumor Vasculature
In our study, we implanted tumors onto previously irradiated tissues to abrogate local
angiogenesis thereby forcing the tumor to rely on vasculogenesis for its blood vessel formation.
Tumors implanted into these irradiated tissues grow more slowly than corresponding tumors
in non-irradiated tissues (the so-called “tumor bed effect”), likely because of a reduced ability
of radiation-injured stroma to provide blood vessels to tumors.49 The degree to which the tumor
bed effect develops is tumor type-dependent50 and the severity can be minimized by increasing
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the number of tumor cells, adding heavily irradiated tumor cells to the viable tumor cell
inoculums, or by eliciting stronger neovascularization at the site of the implanted tumor cells.
49 Importantly, the tumor bed effect is not observed when tumor fragments containing
established tumor vasculature are implanted in previously irradiated tissues as opposed to
single cell suspensions of the same tumor type.51

Milas and colleagues reported that the tumor bed effect appears following doses of 5–10 Gy
and increases with radiation doses of up to 20–30 Gy at which it reaches a plateau. 50 Consistent
with this, we also observed a small but significant tumor bed effect in animals given whole
body radiation of 8–9 Gy followed by bone marrow transplantation (Fig. 1A). To determine
that this was a manifestation of the tumor bed effect and not some effect of the bone marrow
transplantation per se, we irradiated the tumor implantation site only at the same radiation dose
(9 Gy) in one group of mice and in another group, we performed whole body radiation (9 Gy)
followed by syngeneic bone marrow transplantation. We then implanted tumors 4 weeks later
in both groups and observed an indistinguishable tumor growth in those mice (Fig. 1B). These
results suggest that whole body irradiation in mice, often given at 8–12 Gy, could significantly
compromise tumor growth and affect subsequent angiogenic and/or vasculogenic responses.
Consistent with this, a number of studies noted similar findings of slowed tumor growth in the
irradiated and bone marrow-reconstituted mice.19,52 However, the authors of these studies
postulated that the effect was due to immune-deficiency associated with irradiation52 or
reduction in the stem cell capacity that accompanies bone marrow transplantation.19 A recent
study demonstrating that radiation-induced suppression of angiogenesis in the mouse cornea
is independent of hematopoietic reconstitution,53 is in agreement with our results.

What is the effect of irradiation on tumor vasculature? Despite many studies reporting that
irradiation increases endothelial cell apoptosis and decreases microvessel density in tumors,
53–56 the effect of irradiation on the tumor vasculature as a whole has not been studied as
extensively. Zips and colleagues demonstrated that FaDu human tumors grown in the
previously irradiated site responded better to an antiangiogenic therapy than those in non-
irradiated controls.57 Although the authors of this study did not examine in great detail the
histology of the tumor vasculature (such as pericyte coverage of the blood vessel), they noted
a significant reduction in blood vessel area in the tumors grown in the previously irradiated
bed compared to the control, which is consistent with our observations. A recent study by Kozin
and colleagues reported that irradiated and subsequently regrowing lung tumor xenografts had
less coverage with pericytes in blood vessels and these were more sensitive to VEGFR-2
blockade compared to unirradiated tumors.58 They also noted that VEGFR-2 blockade itself
without irradiation did not affect the pericyte coverage of the tumor endothelium, indicating
irradiation uniquely causes formation of tumor blood vessels without pericyte coverage in re-
growing tumors (or tumors in previously irradiated tissues). Is there such an effect of irradiation
on basement membrane? Mancuso and colleagues demonstrated that VEGFR-2 blockade
causes tumor blood vessels to regress but leaves empty sleeves of basement membrane behind,
on which tumor vessels grow back upon withdrawal of the treatment.59 There are only a limited
number of studies investigating the effect of irradiation on basement membrane of the tumor
vasculature. One such, a study by Kobayashi, reported a thickening of basement membrane by
immunostaining for laminin in mouse mammary tumors on the 7th day of post-irradiation.60

To further understand the effect of irradiation on the tumor vasculature, we examined pericytes
and basement membrane of the endothelium in MT1A2 tumors that were either not irradiated,
irradiated at 20 Gy single dose and allowed to re-grow, or grown in previously irradiated tissues
at 20 Gy (Figs. 2 and 3). In these tumors we stained and measured the number of endothelial
cells (CD31) that were associated with pericytes (α-smooth muscle actin; α-SMA) or with
basement membrane (type IV collagen) at various tumor volumes. We found that there was no
significant change in an association of basement membrane with endothelial cells in the tumor
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with or without irradiation (Fig. 2B). Furthermore, irradiation to neither the established tumors
nor to the tumor bed caused a significant difference in the basement membrane coverage of
the tumor endothelium (Fig. 2B). However, when we examined the pericytes coverage of the
blood vessels, we observed extensive pericyte coverage of endothelial cells in the control
tumors (no irradiation) and in irradiated and subsequently re-grown tumors (Fig. 3). In contrast,
only sparsely distributed pericytes around endothelial cells were found in the tumors that were
grown in the previously irradiated site regardless of the tumor volume (Fig. 3). These data
indicate that radiation exerts a different mode of action from VEGFR2 blockade on basement
membrane and pericytes of the tumor vasculature such that there may be a more substantial
effect on pericytes than basement membrane within the endothelium. This also indicates that
an immaturity of the tumor vessels (lack of pericyte coverage around the endothelium) and an
imbalance between pericytes and endothelium signaling may cause the enhanced susceptibility
of the tumor endothelium to VEGFR2 blockade. This also implies that pericytes may be an
important target in combination with radiotherapy to achieve enhanced tumor response to
irradiation.

We hypothesize that the difference in the pericyte coverage of endothelial cells in irradiated
tumors between our results and the study by Kozin and colleague58 may be associated with the
type of tumors of different intrinsic sensitivity. We think that relatively radiation-resistant
MT1A2 mouse mammary carcinoma in our study (approximately 5 days between tumor
irradiation and re-growth) may not reflect much change in the tumor vasculature, especially
with pericytes (Fig. 2A). On the other hand, human xenografts used in their study are more
responsive to irradiation shown by the mean time between tumor irradiation and regrowth of
approximately 20 days,58 which may have allowed sufficient time for the tumor vasculature
to regress and remodel that is reflected by the reduced pericyte coverage around the perfused
blood vessels.

Clinical Importance and Implications
Our recent study demonstrated that bone marrow-derived myeloid cells may modulate tumor
response to irradiation by expressing the extracellular matrix-degrading enzyme MMP-9.11

Thus, MMP-9 could be a target for adjunct therapy to potentiate tumor response to irradiation.
Indeed preclinical studies have reported that MMP inhibition significantly increases antitumor
activity by irradiation.61,62 Our study also showed that despite the absence of MMP-9 from
the bone marrow, tumors could still grow via low levels of MMP-9 provided by other stromal
cells such as fibroblast- or smooth muscle-like cells.11 This indicates that even low levels of
MMP-9 could catalyze restoration of tumor vasculature following irradiation. There are some
limitations in inhibiting MMP in tumors as adjunct therapy to radiotherapy. First, currently
available MMP inhibitors lack selectivity for targeting MMP-9 by inhibiting both MMP-9 and
its closely related family member MMP-2 as shown by the study by Kaliski and colleagues.
61 Second, the source of MMP-9 may be different depending on the type of tumors. For
example, the MT1A2 tumors used in our study showed very little activity in MMP-9 with or
without irradiation, and depended on supply of MMP-9 from stromal cells such as myeloid
cells and fibroblast-like cells.11 In contrast, RIF tumors showed very strong activity of both
MMP-2 and MMP-9 upon irradiation (irradiated tumors or the tumor bed; unpublished data,
Ahn & Brown). Therefore it is important that the source and levels of MMP-9 activity in tumors
should be monitored before an attempt of MMP-9 inhibition. Lastly, even if there was a MMP-9
specific inhibitor, one should carefully consider the extent to which MMP-9 can be inhibited.
Due to physicochemical properties of the drug (diffusion properties) or tumor
microenvironmental factors (leaky blood vessels) it may be difficult to achieve complete
inhibition in MMP-9 within tumors. For some tumors, small levels of MMP-9 would be
sufficient to allow tumors to growth, as in our study.11

Ahn and Brown Page 5

Cell Cycle. Author manuscript; available in PMC 2010 May 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Our recent study suggests that the proangiogenic property of myeloid cells is an attractive target
for an enhancement of tumor response to irradiation. Use of granulocyte/macrophage-colony
stimulating factor (GM-CSF) has been used to ameliorate mucositis in cancer patients treated
with radiotherapy,63 and to treat chemotherapy-induced neutropenia in many patients treated
with chemotherapy.64 Although it is critical for these patients to receive G-CSF/GM-CSF to
avoid treatment delays, recent research indicates a potential danger involving the stimulation
of tumor angiogenesis by myeloid cells. For example, Shojaei and colleagues demonstrated
that myeloid cells contribute to tumor refractoriness to anti-angiogenic (anti-VEGF) therapy.
34 Investigators have also reported that G-CSF positively regulate Bv8 (prokineticin 2), a
proangiogenic factor, highly expressed in myeloid cells to influence tumor angiogenesis.65

Interestingly, a study of three randomized trials showed that chemotherapy-induced
neutropenia was a good prognostic marker for increased survival in NSCLC patients, although
they excluded patients treated with G-CSF in the analysis.66 It should be noted that this study
utilized chemotherapy-induced neutropenia as a surrogate marker predicting adequate dosing
of chemotherapeutic drug(s) rather than as a cause of the enhanced antitumor activity.
However, a preclinical study has demonstrated that neutropenia caused by an antibody
treatment to c-Kit (a hematopoietic stem cell marker) suppressed angiogenesis of various tumor
xenograft models,67 underscoring the importance of myeloid cells for promoting tumor
angiogenesis.

Despite the important role played by myeloid cells in tumor angiogenesis, the source of
endothelial cells that restore tumor growth after irradiation is not likely to be the bone marrow.
These cells may be non-bone marrow-derived progenitors68 or circulating endothelial cells69

as suggested by other investigators. Our previous study suggested that the bone marrow-
derived myeloid cells could aid the (circulating) endothelial cells to rescue the tumor
vasculature from radiation-induced collapse.11 If endothelial cells could access the irradiated
tumors, it may be necessary to reconsider the small margins of the targeted tumor volume with
IMRT on the basis that the narrow margin of the tumors may not necessarily be beneficial
given the fact that surrounding endothelial cells may enter the tumor to reverse the treatment
effect.

Overall, we believe that our study and others indicate that we need a better understanding of
the functions and mechanisms by which myeloid cells (and other bone marrow-derived cells)
interact with tumors. Such knowledge will enable us to develop novel therapeutic strategies
that will improve cure rates in cancer patients.

Methods
Immunofluorescent staining was performed as previously.11 For basement membrane staining,
a rabbit anti-mouse type IV collagen antibody (Biodesign, MA) was used.
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Figure 1.
(A) Growth of MT1A2 tumor in FVB mice that did not receive whole body radiation (WBR)
or bone marrow transplantation (BMT) (open circles) or in FVB mice that receive WBR at 9
Gy followed by BMT from Tie2lacZ transgenic mice (closed circles) 4 weeks prior. Tumors
were implanted at the same time and monitored for their growth. (B) RIF tumor growth in
female C3H mice that received 9 Gy local irradiation at the tumor implantation site (open
circles) or in female C3H mice that received 9 Gy WBR followed by BMT from male C3H
mice (closed circles) at the same time as the group in open circles. Tumors were implanted 4
weeks later, irradiated at approximately 200 mm3 with 20 Gy (arrow), and were monitored for
their growth. Symbols in (A and B) are the mean ± s.e.m. for n = 5 per group.
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Figure 2.
(A) Growth of MT1A2 tumors that were non-irradiated (control; open circles), irradiated and
re-grown (IR tumor; closed circles), or grown in previously irradiated tissues (pre-IR bed;
closed squares) in FVB mice. Arrowhead indicates local irradiation of 20 Gy to the ‘IR tumor
group only. Numbers in red indicate points at which tumors were excised and examined
histologically for basement membrane (B) and for pericytes (Fig. 3). Reproduced from11 with
permission. (B) Left: Immunostaining of tumors in A for endothelial cells (CD31; red) or
basement membrane (type IV collagen, green). Numbers in parentheses correspond to the
numbers in red from (A). Right: The number of endothelial cells was subtracted from that of
basement membrane to determine the presence of basement membrane empty sleeves (see the
text). The difference in means between different volumes or treatment groups did not reach a
statistical significance (p > 0.05).
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Figure 3.
Immunostaining of tumors from Figure 2 for endothelial cells (CD31; red) or pericytes (α-
smooth muscle actin; α-SMA; green). Numbers in parentheses are as in Figure 2. Percentage
of endothelial cells associated with pericytes were calculated and shown on right. Note that
pre-IR tumors showed the percent endothelial cells with pericyte coverage to be significantly
lower than other groups (p < 0.001).
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