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Cancer chemotherapy using cytotoxic drugs can induce immunogenic tumor cell death; however, dosing regimens
and schedules that enable single-agent chemotherapy to induce adaptive immune-dependent ablation of large,
established tumors with activation of long-term immune memory have not been identified. Here, we investigate this
issue in a syngeneic, implanted GL261 glioma model in immune-competent mice given cyclophosphamide on a 6-day
repeating metronomic schedule. Two cycles of metronomic cyclophosphamide treatment induced sustained
upregulation of tumor-associated CD8C cytotoxic T lymphocyte (CTL) cells, natural killer (NK) cells, macrophages, and
other immune cells. Expression of CTL- and NK–cell-shared effectors peaked on Day 6, and then declined by Day 9 after
the second cyclophosphamide injection and correlated inversely with the expression of the regulatory T cell (Treg)
marker Foxp3. Sustained tumor regression leading to tumor ablation was achieved after several cyclophosphamide
treatment cycles. Tumor ablation required CD8C T cells, as shown by immunodepletion studies, and was associated
with immunity to re-challenge with GL261 glioma cells, but not B16-F10 melanoma or Lewis lung carcinoma cells.
Rejection of GL261 tumor re-challenge was associated with elevated CTLs in blood and increased CTL infiltration in
tumors, consistent with the induction of long-term, specific CD8C T-cell anti-GL261 tumor memory. Co-depletion of
CD8C T cells and NK cells did not inhibit tumor regression beyond CD8C T-cell depletion alone, suggesting that the
metronomic cyclophosphamide-activated NK cells function via CD8aC T cells. Taken together, these findings provide
proof-of-concept that single-agent chemotherapy delivered on an optimized metronomic schedule can eradicate large,
established tumors and induce long-term immune memory.

Introduction

Chemotherapy is widely used for cancer treatment; however,
it is less than optimally effective, with drug resistance leading to
tumor regrowth after a short period of tumor shrinkage or tumor
growth stasis, as commonly seen with difficult-to-treat tumors,
such as glioblastoma.1 Tumor-cell drug resistance is difficult to
avoid due to the heterogeneous nature of tumor cell populations
and their high mutation rate.2,3 Cancer-directed immune-based
therapies offer an attractive alternative; however, many such ther-
apies, including cancer vaccines and adoptive transfer of antitu-
mor T cells, are only modestly effective in the clinic.4-7 Immune

escape mechanisms vary between tumor types and stages8,9 and
potent immunotherapeutic regimens often are associated with
severe toxicities.10,11 The goal of effective personalized immuno-
therapy has been elusive, despite important recent successes, such
as the anti-CTLA-4 treatment for metastatic melanoma.12 One
approach to this problem is to employ therapies based on tradi-
tional cancer chemotherapeutic drugs, which can directly kill
tumor cells, and repurpose them to activate antitumor immune
responses that enhance tumor regression and prevent tumor
regrowth.

Several cancer chemotherapeutic drugs have the intrinsic
capacity to induce immunogenic cell death.13 Tumor cells treated
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with chemotherapeutic drugs can be used as a tumor vaccine
to confer immunity against subsequent live tumor cell
challenge13-16, and intratumoral injection of antineoplastic agents
can elicit short-term primary immunity.16,17 However, it is
unclear whether single-agent chemotherapy, when delivered sys-
temically in the absence of immunotherapy, can effect robust,
immune–cell-dependent ablation of large, well-established tumors
with the activation of long-term immune memory. Further, even
for drugs that can induce immunogenic cell death,13 chemothera-
peutic drug doses and schedules that preserve the intrinsic poten-
tial for immune activation without ablating responding immune
cells need to be identified to avoid the immunosuppressive
responses commonly seen with conventional maximum-tolerated
dose (MTD) chemotherapy schedules.18,19

Cyclophosphamide (CPA) is a bifunctional alkylating
agent prodrug used to treat oncogenic and autoimmune dis-
eases.20 CPA can induce immunogenic tumor cell death by
inducing tumor cell surface expression of the “eat-me” signal
calreticulin and by releasing HMGB1, which stimulates
cross-presentation of tumor antigens to T cells.21 Moreover,
CPA can deplete immune-suppressive regulatory T (Treg)
cells and can induce a cytokine storm, which includes the
production of type I interferons that boost the differentiation
and mobilization of mature dendritic cells (DCs) and expand
T cells with a memory phenotype.21-25 For CPA and certain
other cytotoxic anticancer drugs, immunogenic responses can
be achieved when using metronomic drug-delivery sched-
ules,26,27 wherein the drug is administered at a lower dose,
but at regular and more frequent intervals than conventional
MTD cancer chemotherapy.28

Our previous studies showed that administration of CPA on
an intermittent, every 6-day metronomic schedule activates a
robust, innate antitumor immune response in several glioma
models, as seen in both scid immunodeficient mice and in
immune-competent C57BL/6 (B6) mice.26,29,30 The dependence
of tumor regression on NK cells was established by NK-cell
immunodepletion and by using mouse models deficient in NK
cells or in the NK-cell effector perforin 1.26 Furthermore, in
studies using brain tumor xenografts implanted in scid mice,
tumor recruitment of NK cells was not observed and tumor
regression was not achieved when CPA was given every 3 days,
or on a daily basis.29 In addition, NK cell activation was not sus-
tained when drug-free breaks were extended beyond 6 days.30

Thus, the ability of CPA to activate a strong, sustained, innate
antitumor immune response is highly dependent on the metro-
nomic schedule. It is unclear, however, whether the 6–day-
repeating metronomic schedule can activate a robust adaptive
immune response, and whether it can ablate large implanted glio-
mas and activate long-term adaptive immunity. Here, we investi-
gate these questions using a fully immune-competent, syngeneic
GL261 glioma mouse model. Immune cell recruitment and acti-
vation were monitored in the metronomic CPA-treated tumors
by the time-dependent changes in immune cell marker genes.
The contribution of CD8C T cells to CPA-induced tumor
regression was investigated by immunodepletion, and the activa-
tion of specific, long-term antitumor immune memory was

examined by re-challenging CPA-cured mice with GL261 glioma
cells and by cross-challenging with B16-F10 melanoma and
Lewis lung carcinoma (LLC) cells. Our findings are discussed in
terms of the impact of metronomic CPA dose and schedule on
tumor regression, immune responses, and memory formation,
and the induction of effector pathways associated with CTLs and
NK cells.

Results

Metronomic CPA Treatment Activates Significant CD8C

T-cell Responses
GL261 tumors were implanted in B6 mice that then received

2 cycles of metronomic CPA treatment. A prolonged period of
tumor regression, lasting at least 15 days, was induced, beginning
shortly after the second CPA injection (Fig. 1A). Analysis of
changes of expressed immune cell marker genes in the tumor
compartment indicated that NK-cell (Nkp46) and CD8C T-cell
responses were already induced by the first CPA cycle (Fig. 1B).
No changes in Nkp46 expression were seen when comparing
Day 6 after the first CPA treatment to Day 7 (i.e., Day 1 after
the second CPA treatment), consistent with our findings in scid
mice, where CPA ablation of the tumor-associated NK-cell pop-
ulation was not apparent until after the second CPA injection.30

The CTL marker CD8a and the immune-suppressive Treg cell
marker Foxp3 were significantly decreased 3 days after the first
CPA injection and rebounded on Day 6. CD8a increases seen on
Day 6 returned to baseline 1 day after the second CPA treatment
(Day 7; Fig. 1B).

The 2- to 4-fold increases in tumor-associated CTLs, NK
cells, and their shared cytotoxic effectors Prf1 and Gzmb31-33

seen 6 days after the first CPA injection (Fig. 1B) were further
increased to 15- to 20-fold overall 6 days after the second CPA
injection (Fig. 1C, Fig. S1A). Large increases were also seen for
tumor-associated macrophage (Cd68 and Emr1) and DC
(Cd74) markers (Fig. S1A). These immune cell increases were
largely sustained through Day 15. In contrast, the cytotoxic effec-
tors Prf1 and Gzmb peaked on Day 6 and then decreased signifi-
cantly, as seen on days 9, 12, and 15 after the second CPA
treatment (Fig. 1C, Fig. S1A). Prf1 levels correlated negatively
with Foxp3 levels on days 6 and 9 after the second CPA treat-
ment (Fig. 1C, Fig. S1B), suggesting that Treg–cell-mediated
suppression34,35 contributes to the decline in Prf1 and Gzmb
seen after the second CPA injection.

Role of CD8C T Cells in Metronomic CPA-Induced Tumor
Regression

The metronomic CPA-treated tumors were depleted of CD8C

T cells, either alone (anti-Cd8a antibody) or in combination with
NK-cell depletion (anti-Cd8a C anti-GM1 antibodies), to dis-
cern the contribution of each immune cell type to tumor regres-
sion. Fluorescence-activated cell sorting (FACS) analysis verified
the effectiveness of immune cell depletion, both in blood and in
the tumors (Fig. 2A, Fig. S2), and the extent of depletion in
tumors was confirmed by monitoring Cd8a and Nkp46 marker
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genes (Fig. 2B). Neither antibody altered Cd68-marked macro-
phage levels, consistent with the established immune cell specific-
ity of each antibody (Fig. 2B). However, CD8C T-cell
immunodepletion slowed tumor regression significantly
(Fig. 2C), and to a greater extent than NK-cell immunodepletion
(Fig. S3), indicating that the CD8C T cells have a more signifi-
cant contribution in CPA-induced tumor regression. The CPA-
treated (CD8C T cell C NK cell)-co-depleted tumors regressed
significantly more slowly than NK–cell-depleted tumors; how-
ever, the rate of regression was indistinguishable from that of
CPA-treated tumors depleted of CD8C T cells alone (Fig. 2C,
Fig. S3). These findings support the hypothesis that the tumor-
regressing activity associated with NK cells is dependent on, and
may be mediated by, CD8C T cells (model; Fig. 2D).

Next, we assayed the impact of NK cell and CD8C T-cell
depletion on 5 cytotoxic immune cell effectors36 induced by met-
ronomic CPA treatment: Prf1, Gzmb, Tnfa, Ifng, and Fasl
(Fig. 2B). Prf1 and Gzmb levels in the CPA-treated tumors were
unaffected by CD8C T-cell depletion but were substantially
reduced by CD8C T-cell and NK-cell co-depletion (Fig. 2B),
suggesting NK cells are the primary source of Prf1 and Gzmb.

Fasl was significantly (albeit partially) downregulated by CD8C

T-cell depletion, with a trend toward a further decrease seen
upon co-depletion of NK cells (Fig. 2B). Tnfa and Ifng were sig-
nificantly reduced by CD8C T-cell depletion; however, this inhi-
bition was reversed upon co-depletion of NK cells. Metronomic
CPA induction of Tgfb, an immune-suppressive and protumor
growth factor37, was largely independent of CD8C T cells and
NK cells (Fig. 2B). Finally, CPA treatment significantly
increased the lymphocyte-activating cytokines interleukin (IL)-
15 and IL-18, consistent with systematic immune activation,38

but the expression of these cytokines was only partially reduced
upon CD8C T-cell depletion, either with or without NK-cell
depletion (Fig. S4). A model for the contributions of CD8C T
cells and NK cells to CPA-induced production of these cytotoxic
mediators is shown in Figure 2D.

Impact of CPA Dose on CD8C T-cell Dependence
of GL261 Regression

The partial inhibition of tumor regression following CD8C T-
cell depletion (Fig. 2C) suggests that regression is dependent par-
tially on CD8C T cells and partially on the direct tumor

Figure 1. GL261 tumor regression and NK-cell and T-cell recruitment are induced by 2 cycles of metronomic CPA treatment. (A) Growth curves of GL261
tumors that were untreated or treated with 2 cycles of metronomic CPA-140. Data shown are normalized tumor volumes, mean § SEM, for untreated
tumors (n D 13, days 0–6, and n D 7, days 7–9) and n D 6 CPA-treated tumors. Mean tumor volumes on the day of first CPA treatment (Day 0) D 395 §
135 mm3 (untreated tumors) and 762 § 92 mm3 (CPA-treated tumors). (B, C) Time course of changes in marker genes for NK cells (NKp46), CD8C T cells
(Cd8a), their shared cytotoxic effectors (Prf1, Gzmb), Treg (Foxp3), and macrophages (Emr1), assayed by qPCR in GL261 tumors treated with 1 or 2 injec-
tions of metronomic CPA, as in A. Tumors were sampled 1, 3, 6 days after the first CPA injection and 1 day after the second CPA, as shown in B1 (B), or
on days 6, 9, 12, and 15 after the second CPA injection (corresponding to 12, 15, 18, and 21 days after the first CPA treatment), as depicted in C1 (C).
Data shown are relative gene expression levels compared to the mean values for untreated tumors after normalization to the 18S rRNA content of each
sample, mean § SEM: n D 7 untreated tumors, n D 5–8 CPA-treated tumors per time point. One-way ANOVA analysis for the indicated comparisons in
(B) and (C): *, p < 0.05, **, p < 0.01, and ***, p < 0.001.
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cytotoxic action of CPA. To test this hypothesis, we examined
the impact of reducing the every 6-day metronomic CPA dose
from 140 mg CPA/kg (CPA-140) to 90 mg CPA/kg (CPA-90).
CPA doses below 140 mg/kg are associated with a significant
decrease in circulating 4-hydroxy-CPA – the active, cytotoxic
metabolite.29 CPA-90 induced major tumor regression (Fig. 3A),
as was also seen with CPA-140 treatment (Fig. 2C); however, in
contrast to CPA-140 treatment, a significant subset (5 out of 14)

of the CPA–90-treated tumors did not undergo sustained regres-
sion (Fig. 3B), which could be explained by the lower circulating
4-hydroxy-CPA levels at the lower CPA dose. Further, CPA-90
treatment significantly increased tumor recruitment of NK cells
and CD8C T cells in the regressing tumors, as well as the expres-
sion of the NK-cell and T-cell cytotoxic markers Prf1 and Gzmb
(Fig. 3C). CPA-90 also increased the expression of the DC co-
stimulatory molecule Cd86 and several other genes important for

Figure 2. Contribution of CPA-140 induced NK cells and T cells to tumor regression. (A) FACS analysis of CTLs and NK cells in blood and tumors from
untreated (“UT”) mice and from mice treated with CPA-140 (“CPA”), alone or in combination with anti-CD8a (“CaCd8”), or with anti-CD8a and anti-GM1
antibody (“CaCD8 CaGM1”). Error bar: mean § SEM. Blood (cheek pouch sampling) and tumors were sampled 6 days after the second metronomic
CPA injection. FACS analysis of blood CTLs and NK cells, n D 5 per group; and for tumor CTL and NK cell analysis, n D 8–13 untreated tumors, 6–12 CPA-
treated tumors, 6 tumors treated with CPA C anti-CD8a, and 6 tumors treated with CPA C anti-Cd8a C anti-GM1. CD8C T-cell depletion by anti-CD8a
was 99% effective in blood and 97% effective in tumors. NK-cell depletion by anti-GM1 antibody against NK cells was 84% in blood and 69% in tumors.
(B) Relative expression levels of the indicated immune cell and cytotoxic effector markers and Tgfb in untreated tumors (first bar) or in tumors treated
with CPA-140, alone (second bar) or in combination with anti-CD8a (third bar), or anti-Cd8a C anti-GM1 (fourth bar). Tumors were sampled 6 days after
the second CPA injection. Mean § SEM: n D 6–9 tumors in each group. (C) Normalized growth curves for GL261 tumors treated with CPA-140, CPA-140
C anti-Cd8a, or CPA-140 C anti-Cd8a C anti-GM1. Tumor volumes on the day of first CPA treatment (Day 0) were as follows (mean volume § SEM):
1517 § 469 mm3 (6 untreated tumors), 1,490 § 216 mm3 (11 tumors treated with CPA-140), 1,496 § 277 mm3 (12 tumors treated with CPA-140 C
anti-GM1; see data in Fig. S3), 1506 § 402 mm3 (10 tumors treated with CPA-140 C anti-Cd8a), 1,668 § 531 mm3 (8 tumors treated with CPA-140 C
anti-Cd8a C anti-GM1). One-tailed t-test analysis 12, 18, 24, 30, and 36 days after treatment: *, p < 0.05; **, p < 0.01; ***, p < 0.001, when comparing CPA
versus CPA C anti-CD8; CC, p < 0.01, CCC, p < 0.001, when comparing CPA versus CPA C anti-CD8 C anti-GM1. After Day 51 (#), volume measurements
shown reflect flat scar tissue that remained at the tumor site; no primary tumor regrowth was seen after discontinuation of CPA treatment.
(D) Scheme for roles of CPA-activated NK cells and T cells in tumor regression (see text). One-way ANOVA analysis for A and B: *, p < 0.05; **, p < 0.01;
***, p < 0.001; 2-tailed t-test for select comparisons in B: C, p < 0.05.
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NK-cell and T-cell proliferation and
activation (IL15, IL18, Nkg2d, Fasl;
Fig. S5).36 The macrophage marker
Emr1 was also up regulated, as was the
cytokine Csf1 (Fig. S5), which is criti-
cal for macrophage development and
proliferation.39 Notably, CPA-90
induced a much stronger increase in the
M1 (antitumor) macrophage marker inducible nitric oxide syn-
thase (iNOS) than the M2 (pro-tumor) macrophage marker
Arg1, suggesting antitumor macrophage polarization by CPA-90
treatment (Fig. S5). Several other factors associated with an
immune-suppressive microenvironment were only moderately
changed or were downregulated by CPA-90 treatment (Foxp3,

marking Treg cells; VEGFA, which stimulates angiogenesis and
is a chronic inflammation marker; and Hif1a, a hypoxia marker).
CPA–140-treated tumors showed very similar expression profiles
for each of these factors (Fig. S5).

The dependence of tumor regression on CTLs was much
more apparent in the CPA–90-treated mice than in the CPA–

Figure 3. CD8C T-Cell depletion abolishes
CPA–90-induced Gl261 tumor regression.
(A) Normalized growth curves for GL261
tumors treated with CPA-90 alone (n D 5
unresponsive tumors; 9 responsive
tumors) or CPA-90 C anti-CD8a antibody
(n D 10) on days marked beneath the x-
axis (arrows). Data shown are mean §
SEM. Mean tumor volume on the day of
first CPA treatment (Day 0) was 897 §
336 mm3 for CPA–90-unresponsive
tumors, 702 § 133 mm3 for CPA–90-
responsive tumors and 847 § 265 mm3

for the CPA-90 C anti-CD8 group. The
CPA–90-unresponsive tumors grew signifi-
cantly slower than tumors in the CPA-90 C
anti-CD8 group starting from Day 18 after
CPA treatment (C, p < 0.05, one-tailed t-
test). (B) Growth curves for individual
tumors treated with CPA-90 alone (left) or
CPA-90 C anti-CD8a (right), with n D 5
unresponsive tumors and n D 9 regressing
tumors 30 days after beginning CPA-90
treatment, which was significantly differ-
ent from the CPA-90 C anti-CD8a co-treat-
ment group (n D 9 unresponsive and n D
1 regressing tumors) by Fisher’s exact test,
p-value D 0.013. (C) Relative gene expres-
sion of NK-cell marker Nkp46, CTL marker
Cd8a, and their common effectors Prf1
and Gzmb assayed by qPCR in GL261
tumors treated with 3 CPA-90 cycles, as in
(A). Tumors were sampled 6 days after the
third CPA injection. Mean § SEM: n D 7
untreated tumors, n D 4 CPA–90-treated
tumors. Two-tailed t-test: *, p < 0.05; **, p
< 0.01; ***, p < 0.001. (D) FACS analysis of
Cd3eCCD8aC T-cell levels in peripheral
blood from GL261-bearing untreated mice
or mice treated with anit-CD8a antibody.
Blood samples were collected from mouse
tail tip 6 days after the second antibody
injection, as shown in (A). Shown are rep-
resentative plots from each group, with
quantification of the FACS data shown on
the right: mean § SEM: n D 4 per group.
CD8C T-cell depletion was > 99%
complete.
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140-treated mice. Thus, CD8C T-cell immunodepletion resulted
in 9 of 10 tumors escaping CPA–90-induced regression, as com-
pared to 5 out of 14 escaping tumors with CPA-90 treatment
alone (Fig. 3A, B; p D 0.013, Fisher’s exact test). In contrast, 0
out of 10 tumors escaped CPA–140-induced regression upon
depletion of CD8C T cells, either alone or in combination with
NK-cell depletion (Fig. 2C). Immunodepletion of CD8C T cells,
verified by FACS analysis of peripheral blood (Fig. 3D), had, at
most, a small stimulatory effect on tumor growth in the absence
of CPA treatment in some, but not all, experiments (data not
shown). Although this could contribute to the slower regression
seen upon immune cell depletion with CPA-140 treatment
(Fig. 2C), it is far too small an effect to account for the dramatic
escape from regression seen in the CPA–90-treated tumors
(Fig. 3A). Thus, at the CPA-90 dose, where direct 4-hydroxy-
CPA tumor cell cytotoxicity is expected to be less extensive than
at CPA-140, we observed major GL261 glioma regression that is
highly dependent on CD8C T cells. In the tumors unresponsive
to CPA-90 treatment, Cd8a and Gzmb marker levels were not
elevated compared to CPA-free control tumors (Fig. S6), con-
firming that CD8C T cells are a critical component of CPA-
induced tumor regression.

Metronomic CPA Activates Tumor-specific Immune
Memory

Next, we investigated whether metronomic CPA treatment
induces long-term antitumor immunity in the glioma-bearing
B6 mice. GL261 glioma-bearing mice were treated with metro-
nomic CPA-140 for 10–11 cycles, resulting in tumor ablation
(Fig. 4A, Fig. S7). Mouse body weights were relatively stable
(Fig. S8), indicating that host toxicity was manageable. The mice
were maintained drug-free for »4 weeks and then re-challenged
with fresh GL261 tumor cells injected at a contralateral site
(Fig. 4B). Whereas 25 of 25 GL261 tumors implanted in tumor-
naive mice grew by Day 23 after inoculation, only 6 of 18 tumors
re-implanted in the CPA–140-cured mice grew after 60 days
(Fig. 4B, Table 1). This high rate of tumor rejection (67% vs.
0% rejection by naive mice, Table 1) indicates that the cured
mice acquired antitumor immune memory to GL261 tumors.
The subset of CPA–90-treated mice that were cured of the
GL261 tumors also showed significant rejection of re-implanted
GL261 tumor cells (tumor rejection in 5 of 6 mice; 83%, vs. 0%
rejection by naive mice, Table 1), indicating that CPA-90 treat-
ment is sufficient for the induction of long-term immune
memory.

To further examine the specificity of the antitumor memory,
metronomic CPA-cured GL261-bearing B6 mice were implanted
with 2 other B6 mouse syngeneic tumor cell lines, B16-F10 and
LLC, in a cross-challenge assay (n D 10 tumors per line). All 20
cross-challenged sites grew tumors by Day 13 (Fig. 4C, D), that
is, there was no tumor rejection. Further, metronomic CPA treat-
ment had no substantial effect on B16-F10 or LLC tumor growth
(Fig. 4C, D). Thus, the antitumor memory induced by metro-
nomic CPA is specific to GL261 tumors.

Molecular Characteristics of CPA-induced Antitumor
Immune Memory

To obtain mechanistic insight into whether T cells may con-
tribute to GL261 tumor rejection, we analyzed immune cell lev-
els in mice that rejected the re-implanted GL261 tumors
compared to mice with GL261 tumors that grew. FACS analysis
revealed a significant increase in CTLs in both the tumor fraction
and in the peripheral blood of the metronomic CPA-cured mice
that rejected the GL261 tumor re-challenge as compared to mice
with growing tumors (Fig. 4E, F). Further, mice rejecting the
GL261 tumors showed lower levels of circulating Cd11bCEmr1C

macrophages and Cd11bCGr1C myeloid-derived suppressive
cells (MDSCs), but no differences in NK cells (Fig. 4F,
Fig. S10), suggesting that circulating CTLs, and perhaps also
macrophages and MDSCs, serve as diagnostic markers for moni-
toring immune surveillance or tumor regrowth status following
metronomic CPA treatment. These findings are consistent with
the significant increase in Cd8a expression seen in the rejected
tumors compared to growing GL261 tumors (Fig. S9). More-
over, in a preliminary study, we found that partial (59%) deple-
tion of CD8C T cells from the metronomic CPA-cured mice
(Fig. S11A) increased the tumor take rate substantially, from 0%
(0 out of 6 memory mice without anit-Cd8a treatment) to 33%
(2 out of 6 memory mice treated with anti-Cd8a), when the mice
were re-challenged with GL261 tumors (Fig. S11B).

Discussion

Metronomic scheduling, which involves frequent, often
daily, anticancer drug administration at low doses, offers sev-
eral advantages over conventional MTD chemotherapy,
including its ability to activate antitumor immune
responses.24,26,40 However, it is not clear what doses and
schedules are most effective at eliciting a potent, adaptive anti-
tumor immune response, or whether the immune responses
obtained evoke long-term immune memory.18,41-43 Further,
although several cancer chemotherapeutic agents, including
drugs shown to be effective using metronomic scheduling,
such as CPA, have well-known immune-modulatory activ-
ity,18,24 including the potential to activate immunogenic cell
death,21 it has not been established whether single-agent che-
motherapy can activate an immune response that is sufficiently
potent to induce tumor ablation linked to the acquisition of
long-term, tumor-specific immunity. Indeed, some studies
report that the cytotoxicity of CPA is deleterious to the main-
tenance of long-term antitumor immune memory.44 Previ-
ously, we found that metronomic scheduling of CPA can
activate robust innate antitumor immunity and induce NK–
cell-dependent regression of large gliomas implanted in scid
adaptive immunity-deficient mice when given on a 6–day-
repeating schedule.26,29,30 More frequent metronomic sched-
ules (daily or every 3 day drug treatment) delivering the same
total drug dose were much less effective, apparently due to the
frequent ablation of tumor-recruited NK cells,29 while less fre-
quent metronomic scheduling (drug treatment every 9 or
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12 days) was initially effective at immune stimulation, but
ultimately led to tumor escape after several treatment cycles.30

Here we show that a strong, sustained CD8C T–cell-depen-
dent adaptive immune response can be activated by the same
6-day-repeating metronomic CPA schedule in an immune-
competent syngeneic B6 mouse model, resulting in complete
tumor ablation associated with acquisition of long-term,
tumor-specific antitumor immune memory characterized by
rejection of syngeneic glioma re-challenge.

Our investigation of the time course of metronomic CPA-
induced changes in immune marker levels in GL261-bearing B6
mice showed that a single injection of CPA at 140 mg/kg
induced only modest immune responses, whereas a second CPA
injection resulted in strong upregulation of immune cell markers
for CTLs and several innate immune cells 6 days later, including
NK cells, DCs, and macrophages. These findings highlight the
importance of repeated CPA-induced tumor cell damage, and
are consistent with our earlier findings in the scid mouse

Figure 4. Metronomic CPA induces long-
term tumor-specific immunity. (A) Growth
curves for individual GL261 tumors
implanted on one posterior flank in tumor-
na€ıve B6 mice (primary tumors). CPA-140
treatment days are marked by arrows. After
Day »60, volume measurements shown
reflect flat scar tissue that remained at the
tumor site; no primary tumor regrowth was
seen after discontinuation of CPA treat-
ment. (B) Growth curves for re-challenged
GL261 tumors implanted on the contralat-
eral side of the primary implantation site in
mice cured by CPA-140 treatment, as in (A).
Mice were rested for 33 days between last
CPA injection and re-challenging. Six re-
challenged tumors grew by 60 days after
re-challenge and 12 tumors were rejected.
Five of the rejected tumors were excised
on Day 22 for FACS analysis, as shown in E
and F. (C, D) Individual growth curves for
cross-challenged B16-F10 melanoma (C)
and LLC Lewis lung carcinoma (D) tumor
cells implanted bilaterally in CPA–140-
cured mice »4 weeks after GL261 tumors
were cured by CPA-140 treatment. All 20
cross-challenge sites showed aggressive
tumor growth within 13 days of implanta-
tion. CPA-140 treatment initiated (arrows
along x-axis) did not impact tumor growth.
(E) FACS analysis of CTLs in growing GL261
tumors from primary inoculation in fresh
mice compared to GL261 tumors re-
implanted (re-challenged tumors) that
either were rejected or that grew in the
CPA–140-cured mice. The re-challenged
tumors were sampled 22 days after implan-
tation. Data shown are mean § SEM: n D
12 growing tumors from primary inocula-
tion, n D 5 rejected re-implanted tumors,
and n D 5 growing re-implanted tumors.
One-way Anova analysis: *, p < 0.05.
(F) FACS analysis of immune cells in periph-
eral blood of CPA–140-cured mice that
rejected or grew re-implanted GL261
tumors. Blood (cheek pouch sampling)
samples were taken 22 days after tumor re-
challenge. Data shown are mean § SEM
values for n D 3 mice with growing re-
implanted GL261 tumors and n D 5 mice
with rejected re-implanted GL261 tumors.
Two-tailed t-test: *, p < 0.05.
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model.26,29,30,45 We also observed a significant downregulation
of Treg cell (Foxp3) and CTL (Cd8a) marker genes 3 days after
the first CPA injection, followed by a rebound by Day 6. More-
over, Cd8a expression was significantly reduced 1 day after the
second CPA treatment. This ability of CPA to deplete CTLs, as
well as Tregs, is consistent with earlier reports that CPA at a dose
of 50 mg/kg given every 4 days is toxic to CTLs in the draining
lymph nodes.46 and that daily CPA treatment at 10 or 20 mg/kg
is associated with decreases in tumor-specific T cells.47 Together,
these findings support the hypothesis that a drug-free interval
longer than 3 days is required to avoid frequent ablation of CTL
responses.

When CPA treatment was halted after two 6-day CPA cycles,
Foxp3-marked Treg cells were significantly increased in the
tumor compartment 9 days later, and this increase correlated
with the decreased expression of the CTL- and NK-cell cytotoxic
mediator Prf1. Another CTL and NK-cell effector marker,
Gzmb, showed a similar pattern. The increase in Foxp3 and the
associated decreases in Prf1 and Gzmb seen 9–15 days after CPA
treatment are characteristic of Treg-mediated immune suppres-
sion,34,35 and may explain why CPA given on a 14-day repeating
schedule inhibits the tumor regression and long-term immune
response that the TLR7/TLR8 agonist resiquimod (R488) acti-
vates in a syngeneic rat CNS-1 glioma model.44 These findings
highlight the critical importance of metronomic interval on the
success of chemo-immunomodulation and the need to avoid
immune suppression by Treg cells activated by CPA or other
cytotoxic drugs.25,47

Immunodepletion studies indicated that CD8C T cells make a
greater contribution than NK cells to metronomic CPA-induced
tumor regression, and suggested that the tumor regression activ-
ity associated with NK cells in this model is dependent on CD8C

T cells (see model in Fig. 2D). This is reminiscent of the priming
role of NK cells in adaptive T-cell responses described in the con-
text of infectious disease.48 We found that NK-cell depletion, but
not CD8C T-cell depletion, decreased tumor-associated Prf1 and
Gzmb, suggesting these cytotoxic effectors are primarily
expressed by NK cells in our model. Alternatively, this finding
could result from competitive interactions between NK cells and
T cells that can lead to compensatory increases in Prf1 and
Gzmb production by NK cells when CD8C T cells are
absent.49,50 Indeed, the immune-stimulatory cytokines IL-15
and IL-18, which we found to be induced 6 days after the second

CPA treatment, can increase competition between NK cells and
T cells for cytokines.51 We also found that Tnfa and Ifng expres-
sion increased when the CPA-treated tumors were depleted of
both CD8C T cells and NK cells as compared to CD8C T-cell
depletion alone. Conceivably, in the absence of CD8C T cells,
the CPA-induced NK cells may suppress Tnfa- and Ifng-express-
ing cells, such as macrophages,52,53 thereby making the tumor
microenvironment more favorable for tumor growth and offset-
ting the beneficial antitumor effects of Prf1 and Gzmb produc-
tion. However, we cannot rule out the possibility that the CPA-
treated tumor cells contribute to some of the observed changes in
immune factor gene expression, in particular Fasl, Tnfa, and Ifng.
Other immune cells, such as CD4C T cells, may also contribute
to CPA-mediated tumor regression.54

Long-term specific antitumor immunity and immune mem-
ory developed in a majority of the GL261-bearing mice treated
on the 6–day-repeating metronomic CPA schedule, as evidenced
by the absence of tumor growth upon re-challenge with fresh
GL261 tumor cells. This immunity did not extend to B16-F10
or LLC tumor cells, as seen in a cross-challenge experiment. The
absence of detectable tumor regrowth after discontinuation of
CPA treatment for as long as 33 days (data not shown) supports
this conclusion. An increase in circulating CD8C T cells was seen
in mice that rejected the GL261 tumor re-challenge, consistent
with the expansion of tumor-reactive CTLs that contribute to
the rejection, whereas circulating macrophage and MDSC popu-
lations were decreased. Accordingly, changes in blood levels of
CTLs, macrophages, and MDSCs may serve as useful diagnostic
markers for predicting systematic antitumor responses.

Strong increases in intratumoral levels of Nkp46, Cd8a, Prf1,
Gzmb, and several other immune-stimulatory genes, including
the M1 (antitumor) macrophage marker iNOS, were seen in
mice given CPA at doses of either 90 mg/kg (CPA-90) or
140 mg/kg (CPA-140) every 6 days. By contrast, protumor M2
macrophages and immunosuppressive factor marker genes
showed only modest increases or were downregulated (VEGFA)
at both CPA doses (Fig. S5). The strong Prf1 and Gzmb
responses suggest that immunosuppressive factors, such as
MDSCs, which inhibit NK-cell and T-cell proliferation and acti-
vation,55,56 are not significantly increased at either CPA dose,
although it remains possible that immunosuppressive factors not
examined here could be produced by surviving tumor cells and
therefore be more abundant at the lower CPA dose. Nevertheless,

Table 1. Comparison of GL261 tumor take rates between primary tumor implantation, as in Figure 4A, and GL261 re-challenge by implantation of 4 £ 106

tumor cells in a contralateral site in CPA-cured mice »4 weeks after the primary tumors were ablated. The primary GL261 tumor rejection rate, determined
25 days after implantation, was compared with that of re-challenged GL261 tumor cells 60 days after re-challenge. Fisher’s exact test (2-tailed) was used to
evaluate the significance of the differences in tumor rejection rates between primary and re-challenge tumor implantations

GL261 Tumor re-challenge

Primary tumor implantation CPA-140 cured mice CPA-90 cured mice

Number of mice
Mice with growing tumors 25 6 1
Mice rejecting tumors 0 12 5
Tumor rejection rate 0% 67% 83%
Significance (Fisher’s exact test) p < 0.0001 p < 0.0001
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complete regression was achieved in a substantial subset of the
mice treated at the lower CPA dose. Further, our finding that the
complete regression response was extended to include all of the
mice treated at the higher CPA dose suggests that CPA dose-
dependent tumor cell cytotoxicity is an essential factor that works
in cooperation with CPA activation of immune-based regression
to drive tumor regression in our models.

Our findings suggest that, at high CPA doses (e.g., CPA-140),
the cytotoxic action of CPA dominates the overall therapeutic
response. Supporting this view, immunodepletion of CD8C

T cells enabled 9 out of 10 of the CPA–90-treated tumors to
escape, evidencing a major role of T–cell-mediated tumor cell
cytotoxicity in tumor regression, whereas at the CPA-140 dose
CD8C T-cell depletion had a much more modest impact on
tumor regression. Individual CPA–90-treated tumors that did
not regress were apparently deficient in CD8C T cells, suggesting
these tumors can mount mechanisms that suppress the antitumor
immune response in the late stage of therapy. Alternatively,
CPA-90 treatment may fail to elicit a sufficiently strong antitu-
mor immune response in the unresponsive tumors, which ulti-
mately leads to tumor escape. Nevertheless, those mice that were
cured by CPA-90 treatment developed long-term immunity
against GL261 tumor cell re-challenge at a frequency at least as
high as CPA–140-cured mice (Table 1). These findings are con-
sistent with the report that both 83 and 150 mg/kg CPA treat-
ment can induce splenic production of type I interferon, which
favors memory T-cell proliferation.23

Based on our findings, we propose that metronomic CPA-
treated GL261 tumors release GL261 tumor-unique antigens
that are presented, interact with, and activate specific T-cell
receptor-harboring T-cell clones, which are subsequently trans-
formed to long-lived memory T cells. Several of the cytokines
and chemokines induced by metronomic CPA treat-
ment23,26,30,57 can recruit and activate T cells, and these may be
a prerequisite for CTL infiltration and a sustained antitumor
immune response.58 CPA induction of IL-15 (Fig. S4, S5) may
stimulate homeostatic proliferation of memory T cells.59 Sup-
porting this proposal, partial depletion of CD8C T cells from the
metronomic CPA-cured mice increased the tumor-take rate sub-
stantially when the mice were re-challenged with GL261 tumors
(Fig. S11).

Cyclophosphamide and other cytotoxic drugs have well-estab-
lished immunomodulatory functions18,24,60-62; however, to our
knowledge, this study is the first report showing that systematic
treatment with CPA – or any other cytotoxic monotherapy – can
induce complete regression of large established tumors and con-
fer long-lived immune memory. We hypothesize that, to achieve
this remarkable response, both the dose and the schedule of che-
motherapy must be optimized with respect to each of the follow-
ing: (1) destruction of a large fraction of the tumor cells without
inducing drug resistance; (2) elimination of Tregs and other
immunosuppressive factors to allow antitumor immune response
to develop; (3) induction of immunogenic cell death leading to a
strong antitumor response in a manner that precludes tumor
relapse and metastasis; and (4) effective transition from primary
T-cell response to long-lived memory T-cell production. Tumor

cells can be killed indirectly by taking advantage of the intrinsic
anti-angiogenic activity of daily, low-dose metronomic chemo-
therapy63; however, this approach does not kill a large fraction of
tumor cells unless combined with immunotherapeutic or anti-
angiogenetic agents.47,64,65 Further, frequent dosing of CPA,
which is required to maximize anti-angiogenesis, limits the effec-
tiveness of immunotherapy at inducing tumor-specific T cells,
although it may be efficacious at blocking Treg -mediated
immune suppression.46,47 CPA at a dose of 50 mg/kg given every
7 days is not sufficient to suppress tumor growth47 and, in the
present study, metronomic CPA given at 90 mg/kg every 6 days
did not cure all of the GL261 tumor-bearing mice. These find-
ings indicate the importance of the intrinsic tumor cell cytotoxic-
ity of the cancer chemotherapeutic agent.

The effective daily dose of CPA in our 6-day metronomic reg-
imen is similar to that used in MTD CPA schedules in mouse
models,26,66 except that the length of the drug-free break is much
shorter. Whereas MTD schedules necessitate a prolonged drug-
free break during which neovascularization and chemotherapy
resistance often occur, the 6–day-repeating CPA schedule
employed in our studies provides a good balance between maxi-
mizing tumor cell toxicity while minimizing the frequency of
immune cell ablation. Thus, the 6-day metronomic schedule
induces major GL261 glioma regression without major rebound
of immune-suppressive Tregs or loss of antitumor CD8C T-cell
responses. Further, the transient lymphopenic effects of the
6–day-repeating CPA schedule may help reduce the tumor-
tolerance of CD8C T cells and thereby increase homeostatic pro-
liferation of tumor-reactive CD8C T cells.67 The relationship of
CPA dose and dosing interval might also have important implica-
tions for chemotherapy combined with other therapeutic modali-
ties, such as oncolytic viral therapy. Specifically, a short immune-
suppressive window may reduce the host antiviral immune
response and, thereby, facilitate tumor cell exposure to a replicat-
ing oncolytic virus, leading to a rebound in antitumor immunity
upon the release of a danger signal following oncolytic virus-
mediated tumor cell lysis.68 In contrast to our findings, the 6-day
metronomic CPA schedule used by Browder et al., apparently
did not lead to long-lived immunity,66 perhaps because the
tumor models employed did not respond to CPA by immuno-
genic cell death, whose activation can vary between tumor mod-
els.18,60,69 Alternatively, the CPA dose used by Browder et al.
(170 mg/kg) may be too high for CTLs to recover sufficiently
between treatments. Although supportive care measures were
required to maintain the health of CPA-treated mice in that
study,66 the GL261-bearing B6 mice treated with CPA at
140 mg/kg in the present study were largely free of drug toxicity,
as indicated by body weight measurements (Fig. S8), and did not
require any special supportive care.

Intermittent metronomic CPA scheduling, shown here to
be strikingly effective for the treatment of glioma in B6 mice,
may have translational potential in the clinical development of
more effective drug schedules for the treatment of human gli-
oma. The current clinical standard-of-care chemotherapy regi-
men for glioma is based on temozolomide, which has a
median survival of 14 months and a 5-year survival rate < 3%
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for glioblastoma multiforme patients.1,70,71 Although early
clinical trials showed that CPA was not effective for treatment
of human brain tumors,72-74 those studies employed MTD
schedules, and not the intermittent, 6-day scheduling that our
mouse model studies show is far superior to MTD CPA treat-
ment with regard to immune cell recruitment and glioma
regression.26,29 Further, while a metronomic regimen of low-
dose temozolomide (0.5 mg/kg per day) depletes Treg cells in
RG2 gliomas grown in Fischer 344 rats, the dosage used was
too low to suppress glioma cell growth.75 Conceivably, a high-
dose, intermittent metronomic schedule of temozolomide, or
of CPA, may show better efficacy in the treatment of human
glioma. While immune escape mechanisms remain a barrier to
the application of immunotherapy,4,8,76 the present findings
suggest that CPA, and perhaps other immunogenic chemo-
therapeutic drugs, may have much translational promise when
optimized drug doses and schedules are developed using reli-
able clinical markers for immunogenic cell death and down-
stream immune responses.

Materials and Methods

Tumor Cell lines, Mouse Tumors, and Treatments
Mouse GL261 glioma cells were authenticated by and

obtained from the Developmental Therapeutics Program Tumor
Repository (National Cancer Institute, Frederick, MD). Mouse
B16-F10 melanoma (ATCC� CRL-6475TM) and LLC Lewis
lung carcinoma (ATCC� CRL-1642TM) cell lines were pur-
chased from the American Type Culture Collection (Manassas,
VA). All three cell lines were grown at 37�C in a humidified 5%
CO2 atmosphere in RPMI-1640 culture medium containing
10% fetal bovine serum, 100 units/mL penicillin, and 100 mg/
mL streptomycin. Six-week-old (20–23 g) male C57BL/6 (B6)
mice (Taconic Farms, Germantown, NY) were housed and
treated under protocols approved by the Boston University Insti-
tutional Animal Care and Use Committee. GL261 glioma cells
(4 £ 106), B16-F10 melanoma cells (1 £ 106), or LLC Lewis
lung carcinoma cells (2 £ 106) were implanted by subcutaneous
injection into the posterior flanks in 0.2-mL serum-free RPMI
per site using a U-100 insulin syringe and 28.5 gauge needle (BD
Biosciences, Cat.# 329461). Tumor areas (length £ width) were
measured twice weekly using Vernier calipers (VWR Interna-
tional, Cat.# 62379-531) and tumor volumes were calculated as
Vol D (p/6)*(L*W)3/2. Tumors were monitored and drug treat-
ment was initiated at the mean tumor volumes specified in each
study. Tumor volumes were normalized to a value of 100% at
the drug-treatment starting point (t D 0 days) for each treatment
group to normalize the size differences between individual
tumors at the time of first treatment, which in some cases, can be
substantial (e.g.,, Fig. 4A, Fig. S7). This approach controls for
differences in initial tumor size at the onset of drug treatment
and enabled us to reach statistical significance with fewer mice, in
accordance with Institutional Animal Care and Use Committee
guidelines. We have established that the raw tumor volume
trends are very similar to those of the normalized tumor volume

data, confirming that normalized tumor volume is an appropriate
way to present the data. Mouse body weights were measured at
least twice a week and normalized in the same manner. Mice
whose implanted GL261 gliomas were cured by metronomic
CPA treatment (“cured mice”) were rested for »4 weeks and
then re-injected with GL261 cells (“re-challenge”), B16-F10
cells, or LLC cells (“cross-challenge”), as indicated, to evaluate
the acquisition of immune memory. Re-challenged GL261
tumors that initially grew and then regressed (in the absence of
any drug treatment) (“rejected tumors”) were sampled for FACS
and immune cell marker analysis, as described further.

Mice were treated with CPA monohydrate (Cat. # C0768,
Sigma-Aldrich, St. Louis, MO) every 6 days at a dose of
140 mg/kg-body weight per injection (CPA-140) or 90 mg/kg-
body weight per injection (CPA-90), as specified. The CPA doses
reported are based on the anhydrous molecular weight of 261.
The NK–cell-depleting antibody anti-asialoGM1 (‘anti-GM1’)
(Cat.# 986-10001, Wako Chemicals USA, VA) was administered
as described.26 Briefly, anti-GM1 (50 mL) was given once every
6 days beginning 3 days prior to the first CPA injection by intra-
peritoneal injection after dilution with 2 volumes of sterile phos-
phate-buffered saline (PBS) on the day of injection (final
volume,150 mL/mouse). CD8C T cells were depleted using
monoclonal antibody anti-CD8a (clone 53-6.72, Cat.# B30004-
1, Bio-XCell, West Lebanon, NH) by intraperitoneal injection at
0.28 mg antibody/mouse. Anti-CD8a was injected once every
6 days, except in the following conditions: (1) when combined
with CPA-140 treatment, the first 3 anti-CD8a injections were
given on days¡3,¡1, and C3 relative to the first CPA treatment
on Day 0, and every 6 days thereafter and (2) when combined
with CPA-90 treatment, the first 2 anti-CD8a injections were
given on Day ¡17 and on Day ¡15 relative to CPA-90 treat-
ment beginning on Day 0, and every 6 days thereafter, as marked
in each figure using vertical arrows. Anti-CD8a (6.88 mg/mL)
was diluted with 3 volumes of PBS and then injected at
162.8 mL/injection per mouse. Fisher’s exact test was used to
assess the significance of differences in the tumor-take rate
between groups (tumor rejection vs. tumor growth), and the
Student’s t-test was used to establish the significance of differen-
ces in tumor growth rate for CPA treatment in combination with
different antibodies. Significance is indicated by *, p < 0.05; **,
p < 0.01; and ***, p < 0.001.

Quantitative Polymerase Chain Reaction Analysis of Marker
Genes

Changes in tumor-infiltrating immune cells were monitored
by changes in the expression of immune cell marker genes, as
determined by quantitative polymerase chain reaction (qPCR)
analysis of total tumor RNA. Changes in the marker genes
reported here are indicative of changes in the corresponding
marker protein levels and immune cell numbers, as established
previously by immunohistochemical and/or FACS analysis of
metronomic CPA-treated GL261, 9L, and U251 gliomas
implanted in the scid or B6 mouse models,26,29,45 and further
confirmed here in select cases by FACS analysis. NK–cell-marker
gene expression levels showed a close association with the extent
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of tumor regression induced by metronomic CPA treatment.29

However, we cannot exclude the possibility that the expression of
some of the other genes examined might come from mixed cell
types. Isolation of total tumor RNA, reverse transcription, and
qPCR were carried out as described.26 Primers designed using
Primer Express software (Applied Biosystems, Carlsbad, CA,
USA) are described26,29 or are presented in Supplemental
Table S1. qPCR data were analyzed using the comparative CT

method and are presented as relative levels of each RNA com-
pared to the RNA level in untreated tumors after normalization
to the 18S RNA content of each sample. qPCR data are expressed
as mean values § SE for n D 6 tumors per time point for each
treatment group, unless indicated otherwise. Statistically signifi-
cant differences between mean values of different treatment
groups were determined by one-way ANOVA (for 3 of more
comparisons) or 2-tailed Student’s t-test (for 2 group compari-
sons). Significance is indicated in each figure by: *, p < 0.05; **,
p < 0.01; and ***, p < 0.001.

FACS Sample Preparation and Data Analysis
A FACSCaliburTM instrument (Cat.# 342975; BD Bioscien-

ces) was used for FACS analysis of tumor-infiltrating immune
cells in the following 5-step protocol. Step 1, preparation of sin-
gle-cell suspension using a gentleMACS Dissociator (Miltenyi
Biotec, Auburn, CA): 1 mL of complete medium (RPMI-1640
culture medium containing 10% fetal bovine serum, 100 U/mL
penicillin and 100 mg/mL streptomycin) was added to a C-tube
(Cat.# 130-093-237, Miltenyi Biotec) on ice. A piece of freshly
excised tumor tissue (approximately half to one pea size) was
placed in the C-tube and cut into pieces < 0.5 mm in size using
scissors. Collagenase I (Cat.# 4196, Worthington; 400 unit
(40 ml), using stock adjusted to 10 unit/mL using PBS, with fro-
zen aliquots stored at ¡80�C) and DNase I (Cat.# 260913, Cal-
biochem; 5 £ 104 Dornase Unit [10 mL], using stock adjusted
to 5 £ 103 Dornase U/mL using sterile distilled water, with fro-
zen aliquots kept at ¡80�C) were added followed by gentle shak-
ing in a 37�C water bath for 30 min. Complete medium (4 mL)
was then added to bring the volume up to 5 mL. The C-tube
was mounted on a gentleMACS Dissociator and processed once
using program 4.1 (Mouse-Implanted-Tumor program). The C-
tube was briefly spun and the cells were passed through a 70-mm
filter (Cat.# 22363548, Fisher Scientific) into a 50-mL conical
tube pre-rinsed with 1 mL complete medium, followed by a
wash of the C-tube and filter with an additional 10 mL complete
medium. In Step 2, for red blood cell lysis: The filtered cells were
spun down at 400g for 5 min, re-suspended in »1 mL of RBC
lysis buffer (Cat.# 00-4333-57, eBioscience, San Diego), and
gently mixed for 10 min at 20–22�C. Then, PBS (2 mL) was
added and the cells were pelleted at 400g, washed once using
15 mL protein extraction buffer (PEB comprising PBS, pH 7.2,
0.5% BSA, 2 mmol/L EDTA) and re-suspended in 0.5–1 mL
PEB to give a final concentration of 106 to 109 cells/mL. This
was followed by Step 3, involving antibody staining: 100 mL cells
were stained with 2 mL anti-CD16/32 in a 5-mL test tube at 4�C

for 20 min, to block non-specific mouse immunoglobulin G
(IgG) Fc binding to Fc–receptor-expressing cells. A fluorescence-
conjugated antibody was then added in amounts specified below,
followed by 10 min incubation at 4�C. The cells were washed
once with 3 mL PEB and re-suspended in 200 mL PEB. In Step
4 for FACS analysis, propidium iodide was added to the cells
(20 ng/mL, final concentration) immediately before events were
collected using BD CellQuest Pro software (BD Biosciences).
Antibody sources and amounts used per FACS reaction are as fol-
lows: anti-Cd16/32 (Cat.# 14-0161-85, clone 93, 2 mL), anti-
mouse NK1.1-PE (Cat.#12-5941, clone PK136, 1 mL), anti-
mouse CD11b-PE (Cat.# 12-0112, clone M1/70, 0.2 mL), rat
IgG2a k-isotype-PE (clone eBR2a, Cat.#12-4321-80, 1 mL), and
mouse IgG 2a k isotype-PE (clone eBM2a, Cat.#12-4724-81,
1 mL) were all purchased from eBioscience, Inc.. (San Diego,
CA); rat IgG2a k-isotype (Cat.# 553929, 1 mL) from BD Bio-
sciences; anti-mouse NK1.1-APC (Cat.# 130-102-350, clone
PK136, 5 mL) from Miltenyi Biotech (San Diego, CA); anti-
mouse Cd8a-APC (Cat.# 20-1886, Rat IgG 2b, clone 2.43,
0.7 mL), anti-mouse Cd8a-PE-Cy7 (Cat.# 60-1886, Rat IgG 2b,
clone 2.43, 0.7 mL), anti-mouse Cd3e-FITC (Cat.# 35-0031,
Armenian Hamster IgG, clone 145-2c11, 1 mL), anti-Gr-1-
FITC (Cat.# 35-5931, clone RB6-8C5, 1 mL), anti-mouse
Emr1-APC (Cat.# 20-4801, clone BM8.1, 2.5 mL), and anti-
mouse Cd45-PE (Cat.# 50-0451, clone 30-F11, 0.2 mL) all
from Tonbo Biosciences (San Diego, CA).

For FACS analysis of blood, »0.5 mL whole blood was sam-
pled via the cheek pouch prior to euthanasia. Alternatively,
»20 mL whole blood was collected from the tail vein for analysis.
Blood was stored in a 1.5-mL Eppendorf tube with Heparin
sodium (1,000 U/mL in 0.9% NaCl, Cat. # 3149, Sigma-
Aldrich, St. Louis, MO). For each FACS reaction, 1 mL of RBC
lysis buffer was added to »20 mL fresh whole blood with gentle
shaking for 20 min at 20–22�C. PBS (2 mL) was added to ter-
minate the lysis reaction followed by one spin and wash using
3 mL PEB. The cells were re-suspended in 200 mL PEB and
then stained with antibody, as described earlier for the tumor-
infiltrated immune cell FACS analysis protocol. FlowJo data
analysis software (Ashland, OR) was used to analyze the data.
Propidium iodide-positive cells were routinely excluded.
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