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Abstract

Metronomic cyclophosphamide (CPA) treatment activates robust innate anti-tumor immunity and

induces major regression of large, implanted brain tumor xenografts when administered on an

intermittent, every 6-day schedule, but not on a daily low-dose or a maximum-tolerated dose CPA

schedule. Here, we used an implanted GL261 glioma model to compare five intermittent

metronomic CPA schedules to elucidate the kinetics and schedule dependence of innate immune

cell recruitment and tumor regression. Tumor-recruited natural killer cells induced by two every 6-

day treatment cycles were significantly ablated one day after a third CPA treatment, but largely

recovered several days later. Natural killer and other tumor-infiltrating innate immune cells

peaked 12 days after the last CPA treatment on the every 6-day schedule, suggesting that drug-free

intervals longer than 6 days may show increased efficacy. Metronomic CPA treatments spaced 9

or 12 days apart, or on an alternating 6 and 9 day schedule, induced extensive tumor regression,

similar to the 6-day schedule, however, the tumor-infiltrating natural killer cell responses were not

sustained, leading to rapid resumption of tumor regrowth after day 24, despite ongoing

metronomic CPA treatment. Increasing the CPA dose prolonged the period of tumor regression on

the every 9-day schedule, but natural killer cell activation was markedly decreased. Thus, while

several intermittent metronomic CPA treatment schedules can activate innate immune cell

recruitment leading to major tumor regression, sustained immune and anti-tumor responses are

only achieved on the 6-day schedule. However, even with this schedule, some tumors eventually

relapse, indicating a need for further improvements in immunogenic metronomic therapies.
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1. Introduction

The alkylating agent cyclophosphamide (CPA; NSC 26271) was first approved by the FDA

for cancer treatment in 1959 and is currently used to treat a variety of diseases, including

breast and ovarian cancer, hematological malignancies, and autoimmune diseases [1]. CPA

and other cytotoxic agents are commonly delivered to cancer patients on a maximum-

tolerated dose schedule, but often show modest anti-cancer activity [2; 3]. This limited

efficacy is in part due to high toxicity to the host, which necessitates a long drug-free break,

during which chemotherapy-resistant tumor cell populations may emerge and residual

tumors can neovascularize, leading to tumor regrowth [3; 4]. This limitation can be

addressed, in part, by administration of CPA on a metronomic schedule [5; 6], which

augments CPA cytotoxicity to tumor-associated endothelial cells and can increase overall

therapeutic activity while reducing host toxicity [7; 8; 9]. Daily, oral low dose metronomic

CPA schedules have shown promising results in preclinical models [10; 11] and are

currently being tested in clinical trials [12; 13; 14].

CPA has substantial immunomodulatory activity [15; 16]. CPA can deplete immune

suppressive regulatory T cells [17; 18], stimulate dendritic cell maturation [18], rescue

tumor-driven CD4+ T-cell differentiation [19] and activate anti-tumor CD8+ T cell

responses [20]. Furthermore, in studies from our laboratory, CPA was shown to activate a

potent, innate anti-tumor immune response in several implanted glioma models grown in

immune competent or immune deficient (scid) mice when delivered on an intermittent, 6-

day repeating metronomic schedule, leading to strong innate immune-based tumor

regression [21]. This regression is dependent on natural killer (NK) cells, as demonstrated

by antibody depletion experiments and using mouse models deficient in NK cells or in the

NK cell cytotoxic effector perforin 1 [21]. CPA administration on a more frequent

metronomic schedule, e.g., daily low-dose CPA treatment, failed to activate a robust anti-

tumor immune response or induce tumor regression [22]. Thus, an intermittent, 6-day

repeating metronomic schedule of CPA is most effective in activating the anti-tumor innate

immune response leading to tumor regression. Metronomic schedules that administer CPA

or other cytotoxic drugs too frequently may hamper immune cell proliferation or suppress

intratumoral accumulation of chemotherapy-sensitive immune cell populations. Consistent

with these findings, bone marrow myelopoiesis suppressed by CPA requires ~10 days for

recovery [23; 24], and in a myeloma model, CPA administered at long intervals elicited

strong immune responses and better anti-tumor activity than CPA given at shorter intervals

[18]. However, a drug-free break that is too long may increase the risk of tumor regrowth, as

occurs with maximum-tolerated dose drug schedules [2]. Other studies indicate that a

threshold level of tumor cell and/or stromal cell DNA damage may be required to activate

cytokine and chemokine responses [21; 22], which can stimulate immune cell recruitment

[25].

Although CPA is not typically used to treat gliomas, our prior findings indicate that CPA

can be very active in multiple glioma models when administered on an intermittent

metronomic schedule [21; 22; 26], suggesting it may have greater clinical potential for

glioma treatment than recognized previously. Here, we investigate whether the efficacy of
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intermittent CPA treatment on an every 6-day schedule (CPA/6d) can be improved by

extending the time between CPA treatments to allow for a longer drug-free interval. Four

other schedules were investigated: CPA treatment every 9 days (CPA/9d) or every 12 days

(CPA/12d), CPA treatment on a 6-day and 9-day alternating schedule (CPA/6-9d), and CPA

treatment on an every 9 day schedule, but with an increase in CPA dose from the standard

dose of 140 mg/kg/injection to 210 mg/kg/injection (CPA(210)/9d schedule). We found that

all five intermittent CPA schedules initially induce strong tumor regression, which proceeds

with strong momentum for ~24 days, after which many of the tumors treated at 9 or 12 day

intervals rapidly regrow in association with a major decrease in the expression of NK cell

activation markers. These findings are discussed in terms of the impact of metronomic CPA

scheduling on the emergence of drug or immune cell resistant tumor cell populations.

2. Materials and Methods

2.1. Tumor cell lines and mouse xenografts

Mouse GL261 glioma cells were authenticated by and obtained from the Developmental

Therapeutics Program Tumor Repository (National Cancer Institute, Frederick, MD). Cells

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 μg/ml streptomycin.

Six-wk-old (26-28 g) male ICR/Fox Chase immune deficient scid mice (Taconic Farms,

Germantown, NY) were housed and treated under approved protocols and federal

guidelines. GL261 glioma cells (4 × 106) were injected s.c. on each posterior flank in 0.2 ml

serum-free RPMI using a U-100 insulin syringe with a 28.5 gauge needle (BD Biosciences,

Cat.# 329461). Tumor areas (length x width) were measured twice weekly using Vernier

calipers (VWR International, Cat# 62379-531) and tumor volumes were calculated based on

the formula Vol = (π/6)*(L*W)3/2. Tumors were monitored and drug treatment was initiated

when the mean tumor volumes reached ~500-700 mm3. The measured volume of each

tumor was normalized to the treatment starting point (=100%) to obtain a normalized tumor

volume. Mouse body weights were normalized in the same manner. Mice were treated with

CPA given on the following intermittent metronomic schedules: CPA/6d (140 mg CPA/kg-

body weight (BW), repeated every 6 days); CPA/6-9d (140 mg CPA/kg-BW, alternating

between an every 6 day and an every 9 day schedule); CPA/9d (140 mg CPA/kg-BW,

repeated every 9 days); CPA/12d (140 mg CPA/kg-BW, repeated every 12 days); and

CPA(210)/9d (210 mg CPA/kg-BW, repeated every 9 days), on the days marked in each

Figure using vertical arrows. CPA was administered as a monohydrate (Sigma, Cat. #

C0768), with the CPA doses reported here based on the non-hydrated molecular weight of

261. Tumor sizes and mouse body weights were measured at least twice a week. Fisher’s

exact test and Student’s t-test were used to assess the differential tumor responses

(regression vs rebound) and tumor growth rate observed with each CPA schedule,

respectively: *, p<0.05; **, p<0.01; and ***, p<0.001.

2.2. qPCR analysis of immune cell and other marker genes

Changes in tumor-infiltrating innate immune cells were monitored by changes in the

expression of innate immune marker genes, as determined by qPCR analysis of tumor RNA.

Changes in the immune cell marker genes used here are indicative of changes in the
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corresponding immune marker protein levels and immune cell numbers, as shown by

immunohistochemistry and/or FACS analysis of metronomic CPA-treated 9L and U251

gliomas implanted in the same scid mouse model [21; 22; 26]. Further, NK cell marker gene

expression levels show a close association with the extent of tumor regression induced by

metronomic CPA treatment [22]. Isolation of total tumor RNA, reverse transcription, and

qPCR were carried out as described [21]. Primers designed using Primer Express software

(Applied Biosystems, Carlsbad, CA, USA) are described in [21; 22] or presented in

Supplemental Table S1. qPCR data were analyzed using the comparative CT method and are

presented as relative levels of each RNA compared to the RNA level in untreated tumors

after normalization to the 18S RNA content of each sample. qPCR data are expressed as

mean values ± S.E. for n= 4-6 tumors per time point for each treatment group unless

indicated otherwise. Statistically significant differences between mean values of different

treatment groups were determined by one-way ANOVA (for more than two group

comparisons) or two-tailed Student’s t-test (for two group comparisons). Significance is

indicated by: *, p<0.05; **, p<0.01; and ***, p<0.001.

3. Results

3.1 CPA/6d schedule induces GL261 glioma regression with strong momentum

GL261 gliomas were implanted subcutaneously in scid mice to investigate sensitivity to

CPA treatment and innate immune cell recruitment using the same 6-day repeating

metronomic schedule (CPA/6d schedule) shown to be efficacious in treating two other

implanted brain tumors (9L gliosarcoma and U251 glioblastoma) [21]. A single CPA

injection induced only a transient pause in GL261 tumor growth, from day 9 to day 12 after

treatment, however, a prolonged period of regression, lasting 15-18 days, was induced by a

second and also by a third CPA injection when given on the CPA/6d schedule (Fig. 1). Thus,

CPA/6d treatment activates an anti-tumor response with strong momentum for continued

regression once the second CPA injection is given. The time to initiate GL261 tumor

regression was intermediate compared to two other gliomas investigated in the same mouse

model: GL261 tumor regression began just after the second CPA/6d injection on day 6,

whereas U251 tumor regression begins shortly after the first CPA injection, and 9L tumor

regression begins after 3-4 CPA injections [21]. We used this experimental model to

investigate the efficacy of other intermittent metronomic CPA schedules in which the drug-

free interval is longer than 6 days.

3.2 CPA ablation of tumor-infiltrating NK cells

GL261 tumors treated with 1, 2 or 3 CPA injections on the CPA/6d schedule, as in Fig. 1,

were sampled 1, 3, 6, and 12 days after the last CPA injection, and then again, once robust

tumor growth resumed (days 18, 30 and 40, respectively, in Fig. 1). Tumor-infiltrating

innate immune cells were assayed by qPCR analysis of innate immune cell marker genes,

whose changes in expression are indicative of changes in the corresponding tumor-

associated immune cell populations [21; 22; 26]. We examined the NK cell marker genes

Nkp46 and Nkg2d, NK cell activation markers Prf1 and Gzmb, dendritic cell markers Cd207

and Cd74, and macrophage markers Cd68 and Emr1 (F4/80). All of the marker genes

showed their highest expression 12 days after the last CPA injection (c.f., peaks of
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expression on days 12, 18 and 24) (Fig. 2). In addition, there were significant decreases in

the NK cell markers one day after the third CPA injection (75% decrease in Nkp46 levels,

and 62% decrease in Nkg2d levels from day 12 to day 13; Fig. 2A and Table 1), consistent

with CPA cytotoxicity to the tumor-infiltrating NK cell population. Similar decreases were

seen for the NK cell activation markers Prf1 and Gzmb (Fig. 2B and Table 1). Markers for

the tumor-associated dendritic cells and macrophages did not show significant changes

(Table 1), suggesting those cells are less sensitive to CPA cytotoxicity than the tumor-

associated NK cells. The preferential loss of NK cells following CPA treatment on day 13

(Table 1) is consistent with reports that CPA is preferentially cytotoxic to NK cells [27; 28],

depletes fewer granulocyte precursors than lymphocytes in mouse spleen and bone marrow

[29], and does not affect peritoneal macrophage cytolytic activity [30]. Given the functional

importance of NK cells for metronomic CPA-induced tumor regression [21], our findings

further suggest that the efficacy of intermittent metronomic CPA might be improved by

lengthening the 6 day interval between CPA treatments to decrease the frequency with

which CPA ablates the tumor-associated NK cell population.

3.3 CPA/6d-responsive cytokine, chemokine and adhesion molecule gene signatures

We investigated expression patterns for several other genes found to be responsive to

intermittent CPA treatment to ascertain whether they also favor a metronomic CPA drug-

free interval longer than 6 days. These genes include: IL15 and IL18, which are important

for NK cell development, proliferation, and cytotoxicity [31; 32; 33; 34]; Fas and its ligand

Fasl, which are expressed on tumor cells and NK cells, respectively, and together elicit NK

cell-mediated tumor cell death [35; 36]; Cxcl12, a pleiotropic chemokine that recruits

neutrophils and monocytic cells [37]; and Tlr7, which induces dendritic cell maturation and

anti-tumor inflammatory immune responses [38; 39]. Gene responses were generally

maximal 12 days after each CPA injection (Fig. 3). Similar patterns of response were seen

for three other genes that may contribute to the strong innate immune responses seen in the

metronomic CPA-treated tumors: Csf1, which induces macrophage and monocyte

development and proliferation [40], and Icam2 and Vcam1, which are expressed on

endothelial cells and immune cells and are important for immune cell trans-endothelial cell

migration towards inflammation sites and tumors [41; 42] (Supplemental Fig. S1). Vegfa,

which is a strong pro-angiogenic tumor factor with immune-suppressive and wound-healing

activity [43; 44; 45; 46; 47], showed a distinct response pattern: Vegfa expression decreased

progressively with each cycle of CPA treatment through at least day 24. This decrease in

Vegfa could favor the activation of anti-tumor immunity [46; 47]. A distinct response

pattern was seen for Icam1, as well as for the chemokines Cxcl9, Cxcl10 and Cxcl11 (Fig. 3,

Supplemental Fig. S1), whose expression is driven by interferon-γ and is important for NK

cell trafficking and recruitment into tumors [48]. These three chemokines were maximally

expressed between day 6 and day 12 and thereafter declined, independent of the second or

the third CPA treatment (Fig. 3, Supplemental Fig. S1). In the 9L glioma model,

metronomic CPA treatment induces strong expression of Cxcl10 and Cxcl11, but those gene

responses do not correlate with the efficacy of different metronomic CPA schedules or with

the extent of activation of anti-tumor immune responses [22].
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3.4 Impact of longer drug-free breaks on anti-tumor activity

Based on the findings above, we investigated the efficacy of metronomic CPA treatment on

an every 12-day schedule (CPA/12d). CPA/12d treatment induced tumor regression over an

18 to 21 day period that was indistinguishable from that of the CPA/6d schedule. However,

by the third CPA treatment, on day 24, the ability of CPA to sustain tumor regression was

lost (Fig. 4) and a rapid rebound in tumor growth was seen in 12 out of 14 tumors (Table 2).

Next, we considered three alternative schedules: CPA/9d (every 9 day dosing), CPA/6-9d

(alternate between every 6 day and every 9 day CPA dosing), and CPA(210)/9d (every 9 day

dosing, with an increase in the CPA dose from 140 to 210 mg/kg per injection). The

CPA(210)/9d schedule delivers the same total CPA dose over time as the CPA/6d schedule

when calculated on a per day basis. Fig. 5A shows that CPA/9d and CPA/6-9d treatment

induced GL261 tumor regression comparable to the CPA/6d or CPA(210)/9d schedules until

day 24, at which time several of the CPA/9d and CPA/6-9d treated tumors began to regrow

rapidly (Fig. 5B). The CPA/6d and CPA(210)/9d schedules were significantly more

efficacious than CPA/9d treatment (for both schedules, p<0.05 on days 30, 33, and 36; Fig.

5A). Schedule-dependent patterns of response were also evident when only the rebounding

tumors were considered (Fig. 5B). Whereas the tumors treated on the CPA/6-9d and CPA/9d

schedules rapidly regrew to their tumor volume prior to drug treatment (i.e., tumor volume

on day 0; dashed line, Fig. 5B), the CPA/6d and CPA(210)/9d rebounding tumors required

substantially longer time to return to their initial size (Fig. 5B and Table 2). No major

difference between schedules was seen in the tumor regression curves when considering

only the regressing tumors (Fig. 5C). However, the frequency of tumor rebound was

substantially greater with the CPA/12d and CPA/9d schedules (Table 2; Supplemental Fig.

S2). Thus, increasing the CPA treatment interval to longer than 6 days without a change in

CPA dose (i.e. CPA/6-9d, CPA/9d, and CPA/12d schedules) does not alter the kinetics or

the extent of tumor regression through day 24, but increases both the rate and the frequency

of the subsequent rebound in tumor growth. Examination of changes in normalized mouse

body weight as a marker for host toxicity did not reveal significant differences between the

CPA schedules (Supplemental Fig. S3). In particular, body weights in the CPA/6d or

CPA(210)/9d groups were stable through the end of each study, indicating that CPA is well

tolerated on both schedules.

3.5 NK cell activation is maximally sustained by the CPA/6d schedule

The NK cell responses stimulated by each metronomic CPA schedule were investigated to

help understand the distinct regression profiles of each schedule. NK cell markers were

analyzed in tumors excised 6 days after the second CPA injection (Fig. 5A: day 12 for

CPA/6d; day 15 for CPA/9d and CPA(210)/9d), at which times all of the tumors in each

group were actively regressing. The NK cell marker Nkp46 was significantly increased in all

three CPA treatment groups (Fig. 6A). However, CPA induction of the NK cell activation

markers Prf1 and Gzmb was significantly lower on the CPA/9d and CPA(210)/9d schedules

than with CPA/6d treatment (Fig. 6A). This suggests that while all three schedules induce

strong NK cell tumor recruitment, the CPA/6d schedule is significantly more efficacious at

NK cell activation. This finding was confirmed in separate sets of analyses of NK cell

activation markers 6 days and 9 days after three injections on each of metronomic CPA
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schedule. Again, induction of the NK cell activity markers Prf1 and Gzmb was significantly

lower in tumors treated on the CPA/9d and CPA(210)/9d schedules compared to the CPA/6d

schedule (Fig. 6B, 6C). A third NK cell activation marker, Fasl, showed the same schedule-

dependent expression pattern as Prf1 and Gzmb (Fig. 6D). In contrast, dendritic cell marker

Cd74 and macrophage marker Emr1 did not show differential expression between the

CPA/6d, CPA/9d, and CPA(210)/9d treated tumors (Fig. 6D). Thus, NK cell activation is

particularly sensitive to the metronomic schedule employed. In the case of the CPA(210)/9d

schedule, the induction of Nkp46 seen after two treatment cycles (Fig. 6A) was not

sustained through the third cycle (Fig. 6B), consistent with the sensitivity of NK cells to the

higher circulating drug levels under this schedule.

Finally, we compared immune responses between regressing tumors and rebounding tumors

(Fig. 7). The expression of all of the innate immune cell markers examined, including

Nkp46, Prf1, Gzmb, Cd74, Emr1, Fasl, was significantly lower in the rebounding tumors

than in the regressing tumors (Fig. 7). Similar immune response profiles were seen 12 days

after three CPA injections on the CPA/12d schedule (data not shown), at which point the

tumors are rapidly regrowing (Fig. 4).

4. Discussion

There is increasing clinical interest in metronomic chemotherapy as an alternative to

traditional maximum tolerated dose cancer chemotherapy, however, there is little

understanding of how the choice of metronomic schedule, in particular the dosing interval,

impacts anti-tumor responses. Previous studies have shown that metronomic CPA treatment

on an every 6-day schedule (CPA/6d) induces regression of large implanted gliomas by a

mechanism that is at least in part dependent on tumor recruitment of anti-tumor NK cells

[21]. Immune responses are substantially reduced and glioma regression is abolished by a

moderate reduction of CPA dose, or by metronomic administration of CPA at more frequent

intervals, including low-dose daily CPA scheduling [22]. Here, our investigation of the time-

dependent changes in tumor-infiltrating NK cell, dendritic cell and macrophage markers

revealed that the CPA/6d schedule is preferentially toxic to NK cells recruited to the treated

tumors. Moreover, all of the immune cell and NK cell activation markers examined peaked

on day 12, rather than on day 6 after each CPA treatment, as did several cytokines,

chemokines and adhesion molecules that favor immune cell recruitment and activation.

Tumor responses peaked much earlier for the chemokines Cxcl9, Cxcl10, and Cxcl11,

whose induction by CPA does not correlate with anti-tumor immune responses and tumor

regression [22]. In contrast, expression of the pro-angiogenic tumor factor VEGFA

decreased progressively with each cycle of CPA treatment through at least day 24. These

findings led us to compare the CPA/6d schedule to four metronomic schedules with longer

intervals between CPA treatments, namely, CPA/12d, CPA/9d, CPA/6-9d, and CPA(210)/9d

schedules.

We found that all five metronomic CPA schedules initially drive tumor regression with

similar kinetics and to a similar maximal extent, even though the total dose of CPA

administered over the first 21 days is substantially lower with the CPA/12d, CPA/9d and

CPA/6-9d schedules than with the CPA/6d and CPA(210)/9d schedules. However, after day
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24, many of the tumors treated on the CPA/12d, CPA/9d, and CPA/6-9d schedules showed

robust regrowth, despite continued CPA treatment. In contrast, a large majority of the

tumors treated on the CPA/6d and CPA(210)/9d schedules remained regressed long-term.

The rapid rebound of tumors treated on the CPA/6-9d schedule, which has only one 9-day

drug-free interval through day 24 (Fig. 5B), highlights the importance of the duration of the

drug-free interval. We conclude that the efficacy of metronomic CPA treatment in this

model is not dependent on the extent of initial tumor regression, which was similar for all

five metronomic CPA schedules, but rather is dependent on the effectiveness of each

schedule at inducing a strong and prolonged anti-tumor immune response. In particular, the

ineffectiveness of every 9-day and every 12-day metronomic CPA schedules at sustaining

tumor regression is associated with the inability of those schedules to sustain strong NK cell

activity (Fig. 6). This, in turn, may facilitate the emergence of resistant tumor cell

populations leading to the tumor relapse frequently seen after day 24.

Increasing the dose of CPA given on the every 9 day schedule from 140 to 210 mg/kg-BW

(i.e., CPA/9d versus CPA(210)/9d treatment) did not augment immune responses, but

nevertheless, was effective at reducing the frequency of tumor regrowth. NK cell activation

markers were decreased in the CPA(210)/9d treated tumors, which may result from weak

dendritic cell mobilization at high doses of CPA, which can decrease tumor NK cell

activation [49; 50]. Alternatively, there might be increased DNA repair during drug-free

intervals longer than 6 days, which may promote selection of resistance to chemotherapy

and reduce tumor cell sensitivity to subsequent CPA injections. In this scenario, increasing

the CPA dose per injection on an every 9-day schedule, as in the CPA(210)/9d treatment,

may result in strong CPA cytotoxicity despite the longer drug-free break. These findings

demonstrate that increasing the dose of CPA can at least in part compensate for the

decreased anti-tumor immune response of the 9-day repeating CPA schedule. Increasing the

CPA dose used in metronomic CPA regimens may be one option to improve efficacy, in

particular in immune-deficient or immune-compromised patients.

NK cell marker levels are closely correlated with the extent of tumor regression induced by

metronomic CPA treatment [22]. Here, we found a close association between metronomic

CPA schedules with a 9-day or 12-day drug-free interval and a decrease in NK cell

activation marker expression leading to rapid tumor regrowth after treatment day 24. A

drug-free interval longer than 6 days could favor the expression of immunosuppressive

factors compared to immune-stimulatory factors. Moreover, host immune reservoirs may

become exhausted and immune resistance mutants may be selected by metronomic CPA

treatment for prolonged periods of time [22]. Reduced NK cell recruitment was also seen in

CPA(210)/9d-treated tumors, where the elevated CPA dose was able to compensate for the

reduced innate immune response. Resistance to metronomic CPA has been associated with

dormant stem-cell foci in hepatocellular carcinoma [51], ischemia-dependent K-ras

mutations in colorectal carcinoma [52] and increased annexin A3 expression in prostate

cancer [53; 54]. Different resistance mechanisms may be activated in different tumor models

and by different CPA doses and schedules [55; 56]; these mechanisms could include

immune-based resistance, as well as repopulation of quiescent tumor cells that are distal of

blood vessel and deprived of oxygen and nutrients, selection of tumor cell populations with

increased drug efflux and detoxification ability, increased DNA damage repair between
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metronomic CPA treatments, metabolic adaptation, and emergence of resistance to apoptosis

[57; 58]. In preliminary studies of regressing GL261 tumors, we have seen ~2-fold higher

expression of ALDH1A1 six days after two CPA injections on the CPA/9d compared to the

CPA/6d schedule (unpublished results); ALDH1A1 inactivates CPA-derived

aldophosphamide and can confer CPA resistance [59].

In summary, the innate immune stimulatory CPA/6d schedule described previously [21] is

shown to be more efficacious than intermittent metronomic CPA schedules having longer

drug-free breaks. CPA schedules with 9 day or 12 day drug-free intervals induced major

regression of implanted gliomas through treatment day 24 in a manner very similar to the

CPA/6d schedule, but this initial response period was followed by rapid tumor regrowth and

a high frequency of rebounding tumors showing significantly reduced levels of NK cell

activation. These findings complement our recent studies showing that more frequent CPA

scheduling – either daily low dose or every 3 day CPA treatment with the same net drug

exposure as the every 6 day schedule – is ineffective with regard to induction of robust NK

cell recruitment and tumor regression [22]. Overall, these findings are consistent with the

empirical finding of Browder et al that an every 6-day metronomic CPA schedule is more

active than every 3, 4, 5, 7, or 8-day CPA scheduling in a CPA-resistant Lewis lung

carcinoma model [7]. Additional studies are needed to establish the effectiveness of every 6-

day metronomic CPA treatment in orthotopic glioma models, and in brain cancer patients,

where metronomic CPA may potentially be combined with current standard of care

treatments, such as temozolomide, as an associated immunotherapy. Further, our finding that

increasing the CPA dose in the 9-day schedule substantially prolongs tumor regression

suggests that while low dose metronomic drug treatment can be effective at inducing

immune-based tumor regression, increases in drug doses may sometimes be needed for

metronomic therapy to reduce the potential for relapse. Finally, further investigation is

required to elucidate the mechanisms leading to the emergence of resistance to

immunogenic metronomic scheduling, as well as to translate these findings to improve the

efficacy of CPA-based metronomic immunotherapies in the clinic.
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Highlights

• Five metronomic drug schedules are compared for immune response and tumor

regression

• Tumor natural killer (NK) cells are highly sensitive to metronomic dosing

interval

• Drug-free breaks > 6-days do not sustain NK cell activation, leading to tumor

escape

• Long-term remission requires a strong, sustained anti-tumor innate immune

response

• Increasing the metronomic drug dose may compensate for decreased NK cell

responses
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Fig. 1.
Growth curves of GL261 tumors that were untreated, or were given 1, 2, or 3 CPA injections

on the CPA/6d schedule. Data shown are tumor volumes normalized to 100% on the first

day of drug treatment (=day 0), mean ± SEM, for n = 6-8 tumors/group, except for 1 cycle

CPA, where n=4. Arrows at bottom indicate days of CPA treatment at 140 mg/kg-BW. The

measured tumor volumes on day 0 were 685 ± 55 mm3, 785 ± 370 mm3, 715 ± 105 mm3

(mean ± SEM) for the groups given 1, 2, and 3 CPA injections, respectively.
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Fig. 2.
Time courses of changes in innate immune cell marker gene expression assayed by qPCR in

GL261 tumors treated as in Fig. 1. Tumors were sampled 1, 3, 6 and 12 days after the last

CPA injection, and at one additional time point, when strong tumor regrowth was evident

(days 18, 30 and 40, for 1, 2 and 3 CPA injections, respectively; see Fig. 1). (A) NK cell

markers Nkp46 and Nkg2d, (B) NK cell activation markers Prf1 and Gzmb, (C) dendritic

cell markers Cd207 and Cd74, and (D) macrophage markers Cd68 and Emr1 (F4/80). The

third CPA injection reduced NK cell marker expression compared to the level just prior to

injection (day 13 vs. day 12; see Table 1). Gene expression levels relative to 18S rRNA over

the time course (X-axis) were normalized to the mean of untreated tumors on day 1. Y-axis

values are relative expression levels of each gene, mean ± SEM, for n = 4 to 8 tumors per

time point.
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Fig. 3.
Time courses for changes in cytokine, chemokine and adhesion molecule gene expression in

GL261 tumors treated as in Fig. 1. Tumor samples were the same as in Fig. 2. Error bars,

mean expression values ± SEM, for n = 4 to 8 tumors per time point.
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Fig. 4.
Growth curves for GL261 tumors in mice given a total of 3 CPA injections on the CPA/12d

schedule. Data are directly compared to the growth curve for 3 cycles of CPA/6d treatment,

reproduced from Fig. 1, to highlight the divergence of responses beginning on day 24. Data

shown are normalized tumor volumes, mean ± SEM, n = 8 for tumors in the CPA/6d group,

n = 9 for tumors in the CPA/12d group. Tumor volume on the first day of CPA/12d

treatment (day 0) = 610 + 130 mm3 (100%). Normalized tumor volumes in the CPA/12d

group on days 24, 27, and 30 were significantly larger than in the CPA/6d group (*, p<0.05;

**, p<0.01, by one-tailed t-test).
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Fig. 5.
Growth curves for GL261 tumors in mice treated with CPA on four different metronomic

schedules. Data shown are normalized tumor volumes, mean ± SEM. (A) Data shown are for

all tumors included in the study: n = 4, 8, 14, 11, and 10 tumors for the untreated, CPA/6d,

CPA/9d, CPA(210)/9d, and CPA/6-9d treatment groups, respectively. Normalized tumor

volumes in the CPA/9d treatment group were significantly greater than in the CPA/6d and

CPA(210)/9d treatment groups on days 30, 33, and 36 (p<0.05 by one tailed t-test). (B) Data

are shown for untreated tumors (n=4) and for regrowing tumors only: n = 2, 8, 2, and 3, for

CPA/6d, CPA/9d, CPA(210)/9d, and CAP/6-9d, respectively. Normalized tumor volumes in

CPA/9d group were significantly greater than those in the CPA/6d group on days 27 and 30,

and those in the CPA(210)/9d group on days 30, 33, and 36, respectively (p<0.05 by one

tailed t-test). (C) Data are shown for untreated tumors (n=4) and for long-term regressing

tumors only: n = 6, 6, 9, and 7, for CPA/6d, CPA/9d, CPA(210)/9d, and CAP/6-9d,

respectively.
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Fig. 6.
NK cell recruitment and NK cell activation status in metronomic CPA-treated GL261

tumors. qPCR analysis of the indicated marker genes in tumors collected 6 days after two

CPA injections (A), 6 days after three CPA injections (B), or 9 days after three injections

(C) given on the indicated schedules: CPA/6d, CPA/9d and CPA(210)/9d. Data shown are

relative expression levels, mean ± SEM: panel A, n = 18 (untreated), n = 20 (CPA/6d), n =

24 (CPA/9d), and n = 4 (CPA(210)/9d); panels B and C, n = 5 to 8 tumors per group.

Significance when compared to untreated tumors: *, p<0.05; **, p<0.01; ***, p<0.001 (one-

way ANOVA). Significance when compared to CPA/6d treatment: +, p<0.05; ++, p<0.01; +

++, p<0.001 (one-way ANOVA for comparisons involving 3 or more groups; two-tailed t-

test for comparisons limited to 2 groups).
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Fig. 7.
NK cell marker Nkp46, NK cell activation markers Prf1, Gzmb, and Fasl, dendritic cell

marker Cd74, and macrophage marker Emr1 in regressing GL261 tumors compared to

rebounding GL261 tumors. Data shown are relative expression levels normalized to the

mean values for untreated tumors, mean ± SEM. n = 4 for untreated tumors, n = 5 regressing

tumors, and n=18 rebounding tumors, as in Fig. 5B. Significance when compared to

untreated tumors: *, p<0.05; **, p<0.01; ***, p<0.001. Significance when comparing

regressing tumors vs. rebounding tumors: +, p<0.05; ++, p<0.01; +++, p<0.001 (one-way

ANOVA).
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Table 1

Comparison of immune cell marker gene expression on day 13 vs. day 12. Changes in innate immune cell

marker genes in CPA/6d-treated tumors on day 13 (i.e., one day after a third CPA injection) compared to day

12 (i.e., 6 days after 2 injections of CPA), based on data in Fig. 2. Values shown in columns 3 and 4 are fold-

changes ± SE in the expression level of each immune marker gene compared to drug-free (untreated control)

tumors. The percentage values shown in column 5 indicate the extent to which the immune marker gene

declines within one day of a third CPA injection given on day 12, and is calculated using the formula: 100% ×

(day12 - day13)/day12. The significance of the change was assessed by 1-tailed t-test. NS, not significant

(p>0.05).

Cell type Genes
Day 12

(2-CPA)
fold-change

Day 13
(3-CPA)

fold-change

Day 13 vs
day 12

% decrease
p-value

NK cells
Nkp46 4.8 ± 1.0 1.2 ± 0.4 75.4 <0.01

Nkg2d 6.0 ± 1.1 2.3 ± 0.5 61.5 <0.02

NK cell
activation

Prf1 4.1 ± 1.2 1.6 ± 0.6 60.1 0.06

Gzmb 5.5 ± 1.5 2.2 ± 0.6 59.3 <0.05

Dendritic cells
Cd74 5.2 ± 0.8 4.5 ± 1.0 13.7 NS

Cd207 2.3 ± 0.9 3.0 ± 0.8 −29.9 NS

Macrophages
Cd68 5.2 ± 0.7 4.7 ± 0.4 10.9 NS

Emr1 13.2 ± 2.8 9.1 ± 0.8 31.4 NS
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Table 2

Impact of different metronomic CPA schedules on the number of rebounding and regressing tumors, the

frequency of tumor rebound, and the rate of growth of rebounding tumors. Data shown are based on growth

curves presented in Fig. 5. Rebounding tumor growth rates were estimated from Fig. 5B based on the number

of days required for regressing tumors to return to the mean initial tumor volume prior to CPA treatment (day

0). Tumors in the CPA/6d and CPA(210)/9d groups were combined for these analyses; both groups were

treated with the same CPA dose calculated on a per day basis, and they exhibited similar tumor rebound

growth frequency (18-25%; mean value for combined group 21%) and rebound growth rate (45-48 days for

rebound to initial tumor volume).

CPA schedule
Rebounding

tumors
(number)

Regressing
tumors

(number)
p-value 

a
Rebound
frequency

%

Time to rebound to
initial tumor volume

(number of days)

CPA/12d 12 2 0.00030 
b 85.7 21-24

CPA/9d 8 6 0.033 57.6 27-33

CPA/6d-9d 3 7 NS 30 27-33

CPA/6d +
CPA(210)/9d 4 15 -- 21.1 45-48

a
: p-value obtained by Fisher’s exact test comparing each group to the combined CPA/6d and CPA(210)/9d group. NS, not significant.

b
: p=0.008 and p=0.0011 for separate comparisons to the CPA/6d and CPA(210)/9d treatment groups, respectively.
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