Metronomic Cyclophosphamide Activates Innate Immunity, Tumor Regression

antitumor lymphocyte effector function; however, an increase
in tumor NK cells was not established (31, 35, 36). In contrast,
recruitment of immune cell infiltrates to the tumor microen-
vironment was shown here and is likely to be critical to the
major tumor regression responses that we observed. More-
over, our finding that large increases in tumor-associated NK
cells occur not only in immunocompetent C57BL/6 mice
but also in immunodeficient SCID mice, which are devoid of
Tregs, indicates that the NK cell response described here is
both novel and mechanistically distinct from the relief of
immunosuppression by Tregs reported previously using daily
low-dose metronomic schedules (31, 35, 36).

Cyclophosphamide given on a 6-day metronomic schedule
may also potentiate antitumor adaptive immunity, as sug-
gested by the increase in CD8™ T cells through downregulation
of iNOS (37). Although iNOS regulation was not explored in
the present study, we did observe a temporal delay in the
recruitment of adaptive immune cytotoxic CD8™" T cells to the
regressing GL261 tumors. Perforin knockout, which greatly
impairs both innate and adaptive lymphocyte effector function
(14), had a greater impact on tumor regression than antibody
depletion of NK cells alone (Fig. 6A), suggesting a role for
adaptive CD8" T cells in the antitumor response to metro-
nomic cyclophosphamide.

The tumor regression responses reported here were robust
and were validated in 3 brain tumor xenograft models. Future
studies will be required to extend these findings to other tumor
models, including orthotopic brain tumor models. Important-
ly, many orthotopic sites have endogenous innate immune cell
populations, including the liver, which contains Kupffer and
NK cells (38), and the brain, where microglia and NK cells can
infiltrate tumors (39). Although the blood-brain barrier often
impedes chemotherapeutic drug access to brain tumors, 4-
hydroxy-CPA, the active metabolite of cyclophosphamide, is
membrane permeable and can cross the blood-brain barrier
(40). Furthermore, brain tumors may be leaky, disrupting
surrounding extracellular matrix and the blood-brain barrier
itself (41).

Innate immune cell recruitment is shown to be a target for
the inhibitory effects of several VEGF receptor-selective inhi-
bitors on metronomic cyclophosphamide-induced tumor
regression. This finding has important implications for treat-
ments combining chemotherapy, in particular metronomic
chemotherapy, with VEGF receptor inhibitory antiangiogenic
drugs. While VEGF receptor signaling inhibitors can improve
responses to some metronomic therapies (e.g., see ref. 29),
those studies typically use daily low-dose metronomic drug
treatment, which may be less effective at eliciting an antitumor
immune response than the 6-day repeating metronomic cyclo-
phosphamide schedule used here (J.C. Doloff and D.J. Waxman;
unpublished data). Furthermore, the suppression of innate
immune cell recruitment by VEGF receptor inhibitors suggests
that these drugs decrease immune surveillance, which could
help explain the increases in metastatic incidence and pro-
gression recently linked to this class of antiangiogenic agents
(42). Supporting this hypothesis, metastatic infiltration of
tumor cells in NOD/SCID mice is increased by NK cell-deplet-
ing antibody, and metastasis is even more severe when tumor

cells are grown in additionally immunocompromised NSG
mice (43). Furthermore, numerous GL261 tumors implanted
in perforin knockout C57BL/6 mice were not restricted to the
subcutaneous space and infiltrated into the intraperitoneal
activity.

VEGF receptors, which are targeted by the 3 antiangiogenic
drugs used here, have been implicated in dendritic cell differ-
entiation and are important for dendritic cell-endothelial cell
cross-talk, transdifferentiation, and tumor-associated macro-
phage infiltration (44). Endothelial cell VEGF signaling is also
important for chemokine expression and secretion in proin-
flammatory responses (17), suggesting an additional mecha-
nism whereby the inhibition of VEGF signaling could block
innate immune cell recruitment. Indeed, in our models, the
VEGF receptor inhibitor axitinib blocked induction of host
(mouse) chemokines IL-12b and CXCL14 by metronomic
cyclophosphamide treatment. IL-12 is expressed and secreted
by activated dendritic cells, neutrophils, and macrophages
and can activate antitumor NK cells and T cells (45), whereas
CXCL14 stimulates activated NK cell migration (46). We
observed that splenic NK cell reservoirs were decreased over
time in metronomic cyclophosphamide-treated SCID mice,
perhaps reflecting net immune cell migration out from the
spleen and into the treated tumors. A corresponding decrease
in splenic NK cell factors was not seen in immunocompetent
C57BL/6 mice, which had higher basal levels of NK cells, both
in spleen and in untreated tumors (Supplementary Fig. S4B).

The suppression of the innate immune response by VEGF
receptor inhibitors reported here is likely due to the inhibition
of VEGF signaling, rather than a secondary response to the
associated loss of blood vessels required for immune cell
trafficking into the tumor compartment, insofar as antiangio-
genic agents that decrease tumor vascularity without inhibit-
ing VEGF signaling do not block metronomic cyclophospha-
mide-stimulated antitumor innate immunity (J.C. Doloff and
D.J. Waxman; unpublished data). Thus, inhibition of antitumor
innate immunity is not a characteristic of antiangiogenesis per
se. Antiangiogenic agents that target tumor endothelial cells
without inhibition of VEGF receptor include the tubulin-tar-
geting cytotoxic agent Oxi4053 and the cell-cycle inhibitor
TPN-470, both of which can enhance antitumor activity when
combined with metronomic chemotherapy (3, 47). In addition,
TPN-470 inhibits both tumor metastases and primary tumor
growth (48).

The empirical observation that a 6-day metronomic cyclo-
phosphamide schedule is optimal with regard to antitumor
activity (3) could reflect the life span of host immune cells
such as platelets, which are first-line immune responders
to tissue inflammation and damage and have a life span of
5 to 10 days (49). While other metronomic chemotherapy
schedules, including daily, low-dose regimens, show antitu-
mor activity (1), we suggest that an intermittent metronomic
schedule, such as the every-6-day bolus cyclophosphamide
regimen used here, may be optimal with respect to activation of
innate immunity: sufficiently frequent to repeatedly induce
tumor cytotoxicity and inflammation and activate cytokine/
chemokine attractants leading to an innate immune response,
whereas at the same time sufficiently infrequent to minimize
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