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Resistance to antiangiogenic therapies in cancer involves both tumor cells and stromal components, but their relative
contributions differ in each cancer subtype. In this issue of the JCI, Cascone et al. describe a stromal adaptation to
antiangiogenic therapy in non—-small cell lung carcinoma (NSCLC) models that include EGFR-driven vascular remodeling
promoting resistance to VEGF inhibition. Their results suggest that the added benefit of dual VEGF/R and EGFR
targeting in these models could be clinically relevant to fight resistance in NSCLC patients.
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commentaries

the onset of chromosome instability? How
might the status of PinX1 in tumors guide
therapy? The authors suggest that telom-
erase inhibitors may be useful for treat-
ing cancers lacking PinX1 function. This
is an intriguing idea, provided the benefit
to cancer cells of PinX1 loss persists in
established tumors (e.g., via promoting
telomere lengthening); however, if the key
benefit occurs early, via enhanced genome
instability, PinX1 status may not affect the
sensitivity of mature tumors to telomerase
inhibition. Fortunately, existing tools can
be combined to address whether cancer in
PinX1*~ mice or the growth of PinX1-defi-
cient tumor cell lines is particularly sus-
ceptible to telomerase inhibition, and so
answers should soon be forthcoming.
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Resistance to antiangiogenic therapies in cancer involves both tumor cells
and stromal components, but their relative contributions differ in each can-
cer subtype. In this issue of the JCI, Cascone et al. describe a stromal adapta-
tion to antiangiogenic therapy in non-small cell lung carcinoma (NSCLC)
models that include EGFR-driven vascular remodeling promoting resistance
to VEGF inhibition. Their results suggest that the added benefit of dual
VEGF/R and EGFR targeting in these models could be clinically relevant to

fight resistance in NSCLC patients.

The growth of a tumor depends on vascular
remodeling to ensure a continuous supply
of nutrients and oxygen, and blockade of
the formation of new blood vessels with
antiangiogenic drugs is currently used to
treat certain types of cancer. For its central
role in promoting angiogenesis, VEGF is
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the main target of the currently approved
antiangiogenic drugs. Nevertheless, clinical
results demonstrate only moderate gains
in time to progression and scarce benefits
in overall survival, despite long-term treat-
ment (1). Why are there such modest and
short-lasting benefits of antiangiogenic
therapies in the clinic? The initial hypoth-
esis was that antiangiogenic therapy would
not induce resistance (i.e., “resistant to resis-
tance”) because it targeted endothelial cells
instead of the tumor cell itself (2). Never-
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theless, clinical and experimental evidence
has been mounting that resistance to anti-
angiogenic therapy does indeed occur (3).
Among the tumor responses to therapy, it
is critical to distinguish between refractori-
ness, sometimes called intrinsic resistance
(4), and acquired resistance. Tumors have
long been shown to have remarkable plas-
ticity and adaptability to classical chemo-
therapy and radiation, and this plasticity
contributes to evasion from antiangiogenic
therapy (5-7). However, the specific mecha-
nisms of acquired resistance to antiangio-
genic therapies are unique, and may reverse
after antiangiogenic therapy has been
stopped (M. Paez-Ribes and O. Casanovas,
unpublished observations). This suggests
that these forms of resistance may reflect
adaptations to therapy rather than the
mutations or gene amplifications that char-
acterize acquired resistance to other thera-
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Stromal adaptation to induce resistance to antiangiogenic therapies. Multiple mechanisms of resistance to antiangiogenic therapies arise depend-
ing on the tumor type and microenvironment, and the different stromal components and functions are key for the full resistance phenotype.
Cascone et al. (13) tackle the question of resistance to anti-VEGF therapy in NSCLC tumors by using a relatively refractory xenograft model
(left) and two acquired resistance models (right). In the partially refractory model, anti-VEGF therapy does not alter tumor growth, but induces
disorganized sprouting revascularization that leads to more tortuous vasculature with lower pericyte coverage, concomitant with endothelial
upregulation of p-EGFR in treated tumors. In the case of acquired resistance, tumors initially respond to anti-VEGF therapy, but rapidly acquire
resistance with efficient revascularization following a pattern of pericyte-covered normalized vasculature with increased activated EGFR on peri-
vascular cells. Differences in the repertoire of proangiogenic growth factors expressed in each of these cases drive the mechanisms of stromal

resistance to antiangiogenic therapies.

peutic strategies. Indeed, clinical evidence
of this reversibility has been described in
metastatic renal cell carcinoma repeatedly
treated with VEGFR small-molecule inhibi-
tors (3). The adaptive nature of the resis-
tance to antiangiogenic therapy suggests
that this process might be easily targeted in
order to improve the clinical outcome.

Stromal resistance to
antiangiogenics

In addition to the tumor cells themselves,
many different host factors and stromal
components have been described to play an
important role in resistance to angiogen-
esis inhibitors (8, 9). For instance, several
mechanisms of refractoriness to antiangio-

genic therapies implicate stromal cells in
conferring intrinsic resistance to anti-VEGFE
monoclonal antibody, which ultimately
ensures the continuous formation of tumor
blood vessels even when signaling through
VEGEFR is inhibited (10-12). In contrast,
there are few published demonstrations of
stromal components playing a key role in
acquired resistance to antiangiogenic thera-
pies. In this issue, Cascone et al. tackle the
question of stromal adaptation and resis-
tance to antiangiogenic therapies from a
global gene expression approach that dis-
criminates host from tumor cells (13). Their
findings suggest that in xenograft models
of non-small cell lung carcinoma (NSCLC),
resistance to VEGF inhibition occurs with
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adaptive changes in the tumor stroma,
including EGFR-driven vascular remodel-
ing that allows for tumor regrowth.

First, Cascone et al. describe a relatively
refractory xenograft model (A549 cells) in
which anti-VEGF therapy, while not altering
tumor growth, induces disorganized sprout-
ing revascularization that leads to more
tortuous vasculature with lower pericyte
coverage (Figure 1 and ref. 13). In this case,
the endothelial upregulation of p-EGFR
in treated tumors suggests that one of the
possible mechanisms of intrinsic resistance
in this model could be associated with a
switch to EGFR-driven endothelial prolif-
eration and angiogenesis in the face of anti-
VEGEF therapy.
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In two cases of acquired resistance (sub-
cutaneous H1975 cells and orthotopic
H441 cells), revascularization occurred
in the resistance phase with a pattern of
pericyte-covered normalized vasculature
and increased activated EGFR on perivas-
cular cells (Figure 1). Furthermore, in both
of these models, the combined inhibi-
tion of both VEGFR and EGFR pathways
with bevacizumab and erlotinib, or the
dual VEGFR/EGEFR inhibitor vandetanib,
reduced pericyte coverage and extended
progression-free survival (13). These find-
ings support the hypothesis that EGFR
signaling in pericytes is implicated in the
resistance to VEGF/R blockade in NSCLC
and suggest that dual targeting may delay
the emergence of resistance.

The authors’ findings are in line with pub-
lished data suggesting that pericytes might
confer resistance or refractoriness to anti-
VEGF/R therapies. Dual pharmacological
targeting of both VEGFR and PDGFR sig-
naling in endothelial cells and pericytes has
been shown to be more effective than inhibi-
tion of VEGFR alone (14), and mature peri-
cyte-covered vessels show relative resistance
to pruning when treated with VEGFR inhibi-
tors (15). In sharp contrast, Nisancioglu et al.
used the pericyte-deficient pdgf-br¥" mouse
to show there is no effect of VEGF inhibition
on tumor growth or vascular density in peri-
cyte-deficient tumors compared with con-
trols (16). Overall, these data emphasize the
interdependence of pericytes and endothelial
cells in tumors and the importance of tumor
phenotype in determining the effects of tar-
geting endothelial cells and/or pericytes in
tumor vessels (17, 18).

Are there other stromal cells playing a role
in acquired resistance to antiangiogenics?
Cascone et al. show that p-EGFR increases in
perivascular cells, but there is also substan-
tial p-EGFR immunostaining far from ves-
sels (13). This observation — together with
the finding of differential localization of
a-SMA-positive cells (fibroblasts and myofi-
broblasts) in resistant tumors, even though
total abundance is not changed — suggests
that there are changes in other cell compo-
nents in the resistant tumors, some of which
could be mesenchymal cells or fibroblasts.
Thus, these findings are indicative of broad-
er stromal remodeling with adaptation of
several different cellular components.

Context-dependent stromal
adaptation to induce resistance
Evidence from different experimental set-
tings suggests that multiple mechanisms

of resistance may arise depending on the
tumor type and microenvironment, and
these context-dependent changes in the
stroma are critical for resistance to antian-
giogenic therapies. For instance, whereas
refractoriness to therapy has been associ-
ated in some cases to the presence of bone
marrow-derived Gr-1'*CD11b* myeloid
suppressor (i.e., dendritic) cells (11, 12),
Cascone et al. illustrate two adaptive resis-
tance settings in which tumor-associated
macrophage recruitment is not altered
upon therapy (13), further confirming
some mechanistic differences between
intrinsic and acquired resistance models.
Furthermore, the two acquired resistance
models show differences in their stromal
adaptation, with upregulation of FGFR
signaling in the subcutaneous stromal-
poor model (H1975 cells) but not in the
orthotopic stromal-rich model (H441
cells); these results indicate that the tumor
microenvironment plays a key role in spe-
cific adaptation changes for resistance.

A possible explanation for these diverse
adaptation mechanisms could be related to
the repertoire of proangiogenic growth fac-
tors expressed in each tumor type. Indeed,
several ligands of the EGF family have been
identified as limiting mediators of angio-
genic switching and neovascularization
with proangiogenic signaling through
EGFR in pericytes (19). Furthermore,
tumor phenotype, determined as the range
and compartmentalization of ligands
expressed, is key in determining the antitu-
mor effectiveness of inhibiting endothelial
cells or pericytes (17). Thus, it is plau-
sible that the repertoire of proangiogenic
growth factors expressed in each tumor set-
ting are driving the type of stromal adapta-
tion that could sometimes implicate EGFR
in endothelial cells, EGFR in pericytes, or
PDGEFR in pericytes, depending on the
tumor context.

Clinical relevance

Cascone et al. show in two acquired resis-
tance models that the combined inhibi-
tion of both VEGFR and EGFR pathways
extends progression-free survival compared
with monotherapy (13). These findings not
only demonstrate that targeting such path-
ways improves therapeutic efficacy, butalso
strengthen the postulate that dual VEGFR/
EGEFR targeting delays the emergence of
resistance. Therefore, these preclinical
results may lead one to infer that dual inhi-
bition of VEGF/R concomitant with EGFR
pathways in NSCLC patients would trans-
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late into better and longer-lasting efficacy
by impeding this resistance mechanism.
Indeed, a phase IIIb clinical trial, ATLAS,
compared single VEGF inhibition using
bevacizumab with double VEGFR/EGFR
inhibition by adding erlotinib in previously
treated NSCLC patients, and the combina-
tion therapy demonstrated a significant
improvement in progression-free and over-
all survival (20, 21). Thus, these significant
but modest improvements in outcome with
dual VEGFR/EGEFR inhibition in NSCLC
suggest that targeting multiple stromal
resistance pathways may delay the onset of
therapeutic resistance.
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Cancer creates a peculiar inflammatory environment enriched for tran-
scription factors with a negative influence on adaptive immunity. In this
issue of the JCI, Watkins and colleagues identify Foxo3 as a master regu-
lator of the tolerogenic program in tumor-associated, plasmacytoid DCs
(pDCs). Foxo3 enables pDCs to induce tolerance in tumor antigen-spe-
cific CD8* T cells, turning them into regulatory lymphocytes capable of
inhibiting nearby CD8* T lymphocytes. Provision of tumor-specific CD4*
T helper cells interrupts this circuit by inhibiting Foxo3 expression and
fully licensing the antigen-presenting ability of pDCs. These data iden-
tify a new target for therapeutic intervention and provide insight into
the transcription factor interplay in myeloid cells recruited to the cancer

microenvironment.

Complex responses to inflammatory
stimuli require a sophisticated and coordi-
nated transcriptional regulation activated
by dedicated transcription factors (TFs)
both at the single cell and tissue level. After
LPS stimulation, a classical stimulus of
the innate immune system, macrophages
activate at least three classes of TFs: class
I TFs that are shared by various cells and
activated by signal-regulated, posttransla-
tional modification; class IT TFs that are
synthesized de novo after stimulation; and
class III TFs that are induced during cell
differentiation and control complex phe-
notypic and functional changes (1). Studies
in cancer are unveiling a network of nega-
tive transcriptional regulators of adaptive
immunity in myeloid cells, which includes
various members potentially belonging to
the class III family.
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The work from Watkins and colleagues
reported in this issue of JCI identifies fork-
head box O3 (Foxo3) as the main regula-
tor of the immunosuppressive program
in tumor-associated DCs (TADCs), which
are mainly plasmacytoid DCs (pDCs),
infiltrating prostate cancers (2). Human
CD123*/CD304*/CD11c” and mouse
CD11c*/B220*/BST2(CD317)*/CD11b-
pDCs were isolated from either human
prostate cancer specimens or cancers aris-
ing in transgenic adenocarcinoma of the
mouse prostate (TRAMP) mice. Tumor-
conditioned pDCs but not pDCs isolated
from other anatomical districts of tumor-
free mice (including normal prostate)
induced unresponsiveness to second stim-
ulation with the antigen — that is, bona
fide tolerance — in CD8* T cells. Tolerance
was antigen-specific and “infectious,”
since the pDC-tolerized CD8* T cells pre-
vented naive T cell proliferation in an anti-
gen-unspecific manner, acting like Treg
lymphocytes (Figure 1). Although pDCs
from mouse tumor-draining lymph nodes
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were previously shown to directly activate
mature CD4* Tregs and prevent their con-
version to T helper 17 cells through a path-
way requiring the activity of the enzyme
indoleamine 2,3-dioxygenase (IDO) (3, 4),
this work shows for the first time a direct
conversion of CD8" T cells toward a regu-
latory program.

TADCs convert CD8* T cells

Watkins et al. found that TADC depletion
by injection of anti-CD317 antibody result-
ed inincreased activation and reduced Treg
function of adoptively transferred CD8* T
cells reaching tumor mass: these cytotoxic
T cells were specific for the main tumor
antigen, the oncogene SV40, which drives
tumorigenesis in TRAMP mice. TADC
elimination also resulted in therapeutic
benefit, since total urogenital tract and
prostate weights, both indicators of tumor
burden, were reduced in TADC-depleted
TRAMP mice compared with those in con-
trol mice. Surprisingly, two amino acid
metabolizing enzymes were upregulated in
the TADCs: IDO and arginase 1 (ARG1).
The authors used chemical inhibitors
to provide evidence that these enzymes
might be involved in the suppressive activ-
ity of TADCs on CD8" T cells. However,
only IDO inhibitors were effective in vitro,
whereas both IDO and ARG inhibitors
temporarily restored immune reactivity in
vivo, indicating that ARG inhibitors might
target this enzyme in other tumor-infil-
trating cells, such as macrophages or sub-
sets of classic CD11b*/CD11¢h/MHC II*
DCs, whose ARG1 overexpression was



