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Introduction

Liposomal clodronate (LC) has been used for years as a research 
tool to rapidly and efficiently deplete splenic and non-splenic 
macrophages.1–5 The uptake of LC by myeloid cells results in the 
delivery of clodronate (dichloromethylene diphosphonate) into 
the cytoplasm, where it competes for ATP binding and induces 
cell death via apoptosis.2,3,6–8

Several groups have reported that repeated LC administration 
can generate significant antitumor activity.5,7–18 For example, the 
i.p. administration of LC has been shown to significantly inhibit 
the growth of several different tumor types, in different murine 
strains.5,7–10,12,18 These studies have generally attributed the antitu-
mor activity of LC to its ability to deplete tumor-associated mac-
rophages (TAMs) and to inhibit tumor angiogenesis.5,7,9,13,15,16,19–21

LC also unspecifically depletes phagocytic myeloid cells other 
than macrophages, including myeloid cells in the blood and 
spleen.11,22,23 Thus, the i.v. administration of LC has been shown 
to deplete monocytes in the blood and bone marrow,22 while i.p. 
LC reportedly promote the depletion of CD11b+Gr-1+ myeloid 
derived suppressor cells (MDSCs).11 MDSCs, which consist of 
immature monocytes and granulocytes, play an important role in 
regulating inflammatory responses and in inhibiting antitumor 
immunity.24–31 MDSCs significantly accumulate in the blood, 
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liver and spleen of tumor-bearing mice, and are increased in the 
blood of cancer patients.26,32–36 MDSCs exert suppressive effects 
on T-cell functional responses, via a variety of mechanisms 
(reviewed in refs. 37–39).

Given these premises, we wondered whether LC might con-
trol tumor growth via mechanisms that depend (at least in part) 
on systemic T-cell and NK-cell immunity, rather than solely by 
depleting TAMS and inhibiting angiogenesis. Therefore, we 
investigated the overall contribution of T cells and NK cells on 
the antitumor effects of LC-based therapy. Our results suggest a 
critical and previously unreported role for the systemic genera-
tion of both T cell- and NK cell-mediated antitumor activity in 
the therapeutic efficacy of LC. These findings have important 
implications for understanding how the unspecific depletion of 
phagocytic cells can generate specific antitumor immunity.

Results

LC treatment suppresses growth of tumors in mice and 
enhances overall survival. We first assessed the effects of LC 
treatment on the growth of tumors in mice. The LC that we 
used here differed from that used previously in that liposomes 
contained a mannose receptor-targeting moiety that we found to 
increase macrophage uptake and in vivo killing (data not shown 
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development.41 In addition, NK cells are known to be inhibited 
by MDSCs, implying that MDSC depletion might enhance NK 
cell-dependent antitumor activity.32 To address the role of NK 
cells in the antitumor activity of LC, experiments were con-
ducted in mice that had been depleted of NK cells by anti-asialo 
GM1 antibodies, resulting in approximately 80% depletion of 
splenic NK cells (data not shown).42,43 In NK-depleted mice, 

and ref. 40). In addition, LC was administered by the i.v. route 
with a once weekly treatment schedule, rather than by more fre-
quent i.p. administration as in earlier studies. The i.v. route was 
selected because it provided superior antitumor activity as com-
pared with the i.p. route (Figs. 1A–C).

The antitumor effects of LC were assessed in C57BL/6 mice 
with day 3 s.c. implanted MCA205 fibrosarcomas. Treatment 
groups included untreated control mice, mice treated with LC 
(200 μL i.v. once weekly), and mice treated with control lipo-
somes prepared with PBS instead of clodronate (L-PBS, 200 μL 
i.v. once weekly). Tumor growth was measured in two dimen-
sions every 2–3 d and data were plotted as mean tumor area in 
mm2 (Fig. 1A). We found that the weekly administration of 
LC significantly inhibits tumor growth, and in some cases even 
completely suppress it, in the MCA205 model (data not shown). 
Importantly, the administration of control liposomes did not 
elicit antitumor activity (Fig. 1A). Moreover, LC significantly 
increased (p = 0.0032) the overall survival of fibrosarcoma-
bearing mice (Fig. 1B). Of note, the treatment of mice with free 
clodronate, at a dose equivalent to that estimated to be incor-
porated within 200 μL of LC, did not elicit antitumor activity 
(data not shown). LC also led to a significant decrease in the 
growth of CT26 colon carcinomas growing in syngenic BALB/c 
mice (Fig. 1C). Interestingly, in this model, i.p. LC had a modest 
effect on tumor growth, whereas no effect was seen with i.p. in 
the MCA205 tumor model (Fig. 1A).

Antitumor activity elicited by LC is T cell-dependent. We 
hypothesized that the antitumor activity of LC treatment might 
be mediated by systemic antitumor immunity, rather than by 
the sole depletion of TAMs. This hypothesis was based on the 
fact that the systemic administration of LC efficiently depletes 
not just TAMs, but also other immuno suppressive populations 
of myeloid cell populations in the spleen, bone marrow and 
bloodstream.

To test this hypothesis, we first investigated whether the anti-
tumor activity elicited by LC treatment requires T cells. Thus, the 
effects of LC treatment on tumor growth were assessed in Rag1−/− 
(B6.129S7-Rag1tm1Mom/J) mice. We found that the effects of LC 
treatment were completely abrogated in Rag1−/− mice as compared 
with wild type C57Bl/6 animals (Fig. 2A). These results were 
important because they suggested that the antitumor activity of 
LC relies on T cells, and therefore is unlikely to depend solely on 
local TAM depletion and angiogenesis inhibition

Next, experiments were conducted to determine whether LC 
antitumor activity is primarily dependent on either CD4+ or 
CD8+ T cells. When Cd4−/− mice with day 3 tumors were treated 
with LC, there was a significant loss of antitumor effect as com-
pared with LC-treated wild type animals (Fig. 2B). Similarly, 
when Cd8−/− mice were treated with LC, they generated signifi-
cantly less antitumor activity than wild type animals (Fig. 2C). 
Therefore, we concluded that the antitumor activity of LC is 
dependent on both CD4+ and CD8+ T cells, consistent with the 
idea that LC treatment leads to spontaneous activation (or re-
activation) of T-cell antitumor activity.

LC antitumor activity also depends on NK cells. It has pre-
viously been reported that Rag1−/− mice have a defect in NK cell 

Figure 1. effects of Lc treatment on tumor growth and survival. 
c57BL/6 mice (n = 5 per group) were injected with 2.5 × 105 Mca205 
cells s.c. and 3 d later, mice were treated once weekly with liposomal 
clodronate (Lc) or a control liposomal preparation (L-pBs). In (A), tumor 
growth was measured every 2–4 d and growth curves (mean tumor 
size (mm2), ± seM) were generated. Tumor growth was significantly 
reduced (***p < 0.001) in the Lc-treated mice, compared with control 
or L-pBs treated mice, as assessed by aNOVa. similar results were 
obtained in 3 additional experiments. In (B), the effects of Lc treatment 
on survival times were assessed. survival times were significantly longer 
(p = 0.0032) in Lc-treated mice, compared with L-pBs or control mice, as 
assessed by Kaplan-Meier curve and Logrank test. In (C), tumor growth 
curves were generated for s.c. injected cT-26 cells treated with either 
Lc (i.v.), Lc (i.p.) or L-pBs (i.v.). Tumor growth was significantly reduced 
(**p < 0.01) in Lc-treated mice compared with L-pBs treated mice, as 
assessed by aNOVa.
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The effects of LC on tumor-specific cytokine production were 
also assessed. Spleen cells from control or LC-treated tumor-
bearing mice were co-cultured with live MCA205 tumor cells 
for 72h at 37°C (without the addition of cytokines or mitogens), 
after which supernatants were harvested and analyzed for the 
concentration of tumor necrosis factor α (TNFα), interleukin 
(IL)-10), interferon γ (IFNγ) and IL-17. Spleen cells isolated 
from mice treated with LC produced significantly more IFNγ 
(Fig. 3B) and IL-17 (Fig. 3C) than spleen cells from untreated 
tumor-bearing mice. In contrast, the production of IL-10 or 
TNFα by splenic cells did not differ in LC-treated mice and 
untreated animals (data not shown). Thus, spleen cells from 
LC-treated animals produced significantly higher amounts of 
cytokines with antitumor activity (i.e., IFNγ and IL-17) than 
spleen cells from untreated animals. In order to verify that our 
results were due to increased cell functionality and not just to 
changes in cell numbers, we examined tumor tissues for the per-
centage of infiltrating NK and T cells. We found no significant 

the antitumor effects of LC were significantly diminished, com-
pared with LC-treated control animals or animals treated with 
LC and an irrelevant control antibody (Fig. 2D). These results 
suggest an important role for NK cells in the antitumor activity 
of LC.

LC treatment induces spontaneous tumor cytolytic activity 
and IFNγ and IL-17 production. Since it is known that immu-
nosuppressive cell populations such as TAMs and MDSCs oper-
ate by inhibiting effector immune cells, we next examined T-cell 
and NK-cell functions following LC administration. To this aim, 
spleen cells were collected from control and LC-treated tumor-
bearing mice and assayed for spontaneous tumor cytotoxicity, 
using a CSFE flow-based CTL killing assay developed by Jedema 
et al.47 We found that spontaneous tumor killing activity was sig-
nificantly higher in spleen cells obtained from LC-treated mice 
than in cells of the same type obtained from untreated tumor-
bearing mice (Fig. 3A). Thus, the antitumor cytotoxic activity of 
spleen cells was increased following LC treatment.

Figure 2. effects of Lc treatment in T cell and NK cell deficient mice. (A) Mca205 tumors were established in Rag1−/− mice (n = 5 per group) and half of 
the mice were treated with Lc. Tumor growth was measured and growth curves (mean tumor size (mm2), ± seM) were generated. Tumor growth was 
not significantly different (p = 0.95) in Lc-treated Rag1−/− mice compared with L-pBs treated Rag1−/− mice. In (B), Cd4−/− mice with Mca205 tumors were 
treated with Lc or L-pBs and tumor growth rates were compared with wild type mice treated similarly. The tumor growth rates in Cd4−/− mice treated 
with Lc or L-pBs were significantly different (**p < 0.01) from wild type mice treated with Lc. In (C), tumor growth rates in wild type mice treated with 
Lc were significantly decreased as compared with Cd8−/− mice treated with Lc or L-pBs (***p < 0.001). In (D) Mca205 tumor-bearing mice (n = 5/group) 
were treated weekly with either: (1) Lc plus anti-asialo GM1 antibody administered 24h prior to the Lc treatment once weekly, (2) Lc and an irrelevant 
control antibody weekly, with the control antibody administered 24 h prior to the Lc treatment, or (3) received no treatment. Tumor growth rates in 
mice treated with asialo-GM1 antibody and Lc were not significantly different from untreated control mice, whereas mice treated with irrelevant rab-
bit IgG and Lc had significantly reduced tumor growth rates compared with control and anti-asialo GM1 treated mice (**p < 0.01). similar results were 
obtained in one additional experiment. Tumor growth rates were compared using repeated-measures aNOVa followed by Bonferroni post-test.
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spleen and tumor-draining lymph nodes (TDLNs). As shown 
in Figure 5D, DCs were significantly reduced in the spleen 
(p = 0.02) and TDLNs (p = 0.05) following LC administration, 
while the amount of intratumoral DCs was not significantly 

differences in the frequency of tumor-infiltrating NK, CD4+, 
CD8+ and regulatory T cells (data not shown). These results 
indicate that spontaneous T and NK cell activity is increased 
following LC administration.

Liposomes uptake by TAMs and tumor cells is very inef-
ficient. Previous studies on LC-based anticancer therapy suggest 
that the depletion of TAMs in situ is the primary mechanism 
responsible for the inhibition of tumor growth.5,7,9,13,15,16,19–21 
However, we postulated that the depletion of TAMs by LC is 
unlikely to represent the primary mechanism of action, as fol-
lowing the i.v. administration of LC, liposome uptake by tumor 
tissues is very inefficient.6,48 To address this point directly, we 
administered PBS-containing liposomes (to avoid target cell 
killing) labeled with the fluorescent dye BODIPY into tumor-
bearing mice and assessed the uptake of liposomes by both tumor 
cells and TAMs. C57BL/6 mice with well-established MCA205 
fibrosarcomas were injected i.v. with BODIPY-labeled liposomes 
and 6h later mice were euthanized, tissues were removed and cells 
were isolated for cytofluorometric analysis.

We found that very few cells, including TAMs, contained 
BODIPY+ liposomes (Fig. 4A). In contrast, splenic macrophages 
contained large numbers of BODIPY+ liposomes (Fig. 4A). 
Significant numbers of BODIPY+ liposomes were also found in 
monocytes within tumor tissues (Fig. 4A). Therefore, we con-
clude that the uptake of liposomes by tumor cells and TAMs is 
inefficient, as compared with the much more efficient uptake by 
splenic macrophages and blood monocytes. Of note, previous in 
vitro experiments have shown that MCA205 tumor cells are non-
phagocytic and resistant to killing by LC.6

Despite the fact that TAMs did not appear to take up lipo-
somes efficiently, the i.v. administration of LC produced signifi-
cant depletion of TAMs in the tumor tissue (Fig. 4B and C). 
Altogether, our results suggest that the generation of NK- and 
T-cell activity by LC is unlikely to be the consequence of TAM 
depletion. More likely, TAM depletion may be a consequence of 
the repeated depletion of blood monocytes. These findings also 
indicate that the NK and T-cell antitumor activity triggered by 
LC is mediated by the depletion of a phagocytic myeloid cell 
population other than TAMs.

Effects of LC administration on MDSCs. When then deter-
mined whether the administration of LC might lead to the deple-
tion of MDSCs, which have been shown previously to potently 
suppress T-cell35,37,38,49–51 and NK-cell32 functions. Indeed, we 
found that the i.v. administration of LC induces a significant 
depletion of CD11b+Gr-1+ MDSCs in the blood and spleen of 
tumor-bearing mice (Fig. 5). The percentage of total MDSCs in 
the spleen was reduced by approximately 60% following LC treat-
ment (Fig. 5B), with preferential depletion of monocytic MDSCs 
(“mMDSCs”) rather than neutrophilic (“nMDSCs”). The per-
centage of mMDSCs in the blood was reduced by approximately 
50% (Fig. 5C). Interestingly, LC treatment had little effects on 
MDSCs in lymph nodes (data not shown). These findings sug-
gest that LC efficiently depletes immunosuppressive MDSCs in 
the blood and spleen.

Effects of LC treatment on dendritic cells. Finally, we 
assessed the effects of LC on dendritic cells (DCs) in the tumor, 

Figure 3. Lc treatment induces increased cTL activity against Mca205 
tumor cells and ex vivo and Lc treatment induces tumor-specific IFNγ 
and IL-17 production by spleen cells. (A) 5 × 104 csFe-labeled Mca205 
cells (“T,” target) were placed in culture with varying concentrations 
of freshly isolated spleen cells (“e,” effector) and incubated for 72 h at 
37c. Viable csFe+ Mca205 cells were quantitated using flow cytometry. 
Viable cell numbers were normalized to those labeled tumor cells quan-
titated in the wells with control, untreated spleen cells from Mca205 
tumor-bearing mice. a significant decrease in viable tumor cells was 
observed with e:T ratios of 75:1 (*p = 0.02) and 50:1 (*p = 0.04), but not 
at 25:1 (Mann-Whitney U test). n = 5 mice/group and similar results 
were seen in two additional experiments. (B and C) spleen cells were 
placed in culture for 72 hr with Mca205 tumor cells. supernatants were 
collected and analyzed by IFNγ (B) and IL-17 (C) eLIsa kits. a significant 
increase (*p = 0.05, Mann-Whitney U test) in IFNγ production and in 
IL-17 production (**p = 0.03, Mann-Whitney U test) was observed in 
cultures where the spleen cells were obtained from Lc-treated Mca205 
tumor-bearing mice as compared with control mice. n = 5 mice/group 
and similar results were seen in two additional experiments.
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Figure 4. Lc is not taken up by tumor cells, but plays a role in depletion of macrophages in the tumor. (A) Mice (n = 5 per group) with established 
Mca205 tumors were treated with BODIpY-labeled L-pBs and trafficking of the liposomes to various tissues was assessed. Very little uptake of the 
liposomes was observed in TaMs. (B and C) Mice (n = 5 per group) with established Mca205 tumors were untreated (control) or were treated with Lc 
twice over 2 weeks and then tumor tissues were collected and processed for flow cytometry. In (B), representative flow plots of control vs Lc treated 
tumor tissue. (C), The percentages of cD11b+F4/80+ TaMs were assessed by flow cytometry. In mice treated with Lc, there were significantly fewer 
TaMs (*p < 0.05, Mann-Whitney U test) than in control mice. similar results were seen in two additional experiments.
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LC-induced TAM depletion to the overall induction of T- and 
NK-cell antitumor activity, we postulate that the main immu-
nosuppressive cells depleted by LC are MDSCs in the blood and 
spleen. It was interesting to observe that three different cell popu-
lations (CD4+ T cells, CD8+ T cells and NK cells) are required 
for the antitumor effects of systemic LC. This suggests a sig-
nificant interaction between these cell populations in generating 
antitumor immunity.

Our findings suggest that TAM depletion following i.v. LC 
administration is not mediated by a direct cytotoxic effect, but 
rather occurs as a result of repeated monocyte depletion that, over 
time, leads to the reduction of newly emigrating TAM precursor 
cells. Indeed, we and others have found that the i.v. administra-
tion of LC elicits a marked depletion of monocytes in the blood 
and bone marrow (Fig. 5).52,53 A recent report also demonstrates 
that monocytes develop into TAMs under conditions of hypoxia.54

altered. Thus, despite the fact that LC administration depletes 
DCs in secondary lymphoid tissues, LC-treated mice are able to 
mount an efficient antitumor immune response, perhaps due to 
the relative sparing of intratumoral DCs.

Discussion

Here, we report that the antitumor activity elicited by the sys-
temic administration of LC is dependent on NK cells, CD4+ and 
CD8+ T cells (Fig. 2). Notably, the antitumor activity elicited 
by LC administration was almost completely abrogated in T 
cell-deficient and NK cell-depleted mice, in spite of concurrent 
TAM depletion. Thus, our findings suggest that the antitumor 
effects of i.v. LC are unlikely to be mediated by angiogenesis 
inhibition following TAM depletion, as other studies have sug-
gested.5,7,9,13,15,16,19–21 While we cannot rule out a contribution for 

Figure 5. effects of Lc treatment on systemic phagocytic cell populations. Tumor-bearing c57BL/6 mice (n = 5 per group) were treated with three 
weekly i.v. injections of Lc, starting on day 3, and blood and spleen tissues were collected on days 25 and 26 post-tumor cell injection, respectively, 
and analyzed by flow cytometry, as described in Methods. In (A), Macrophages (“Macs”) and MDscs in spleen were identified via flow cytometry as 
cD11b+/F4/80+ (left panel) and either cD11b+/Gr-1hi (neutrophilic (nMDscs)) or cD11b+/Gr-1lo (monocytic (mMDscs)) MDsc cells (right panel), respec-
tively. Lc treatment induced a significant depletion of total cD11b+Gr-1+ MDscs and macs in the (B) spleen (**p < 0.01, *p < 0.05) and in the (C) blood 
(*p < 0.05) as assessed by non-parametric U test. similar results were obtained in two additional experiments. In (D), total Dc populations were 
examined in Lc and control treated mice on day 24 post tumor cell injection. a significant decrease in Dcs was seen in the spleen (**p = 0.02) and 
tumor-draining lymph nodes (*p = 0.05) of the mice, while there was no significant decrease in Dcs in the tumor. similar results were observed in three 
additional experiments.
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Mice. Specific-pathogen-free, 6–8 week old female C57BL/6, 
BALB/c, Rag1−/− (B6.129S7-Rag1tm1Mom/J) and Cd4−/− (B6.129S2-
Cd4tm1Mak/J) and Cd8−/− (B6.129S2-Cd8a tm1Mak/J) mice were pur-
chased from Jackson Laboratories. Mice were housed in sterile 
microisolater cages in the laboratory animal resources facility at 
Colorado State University and provided sterile water and food ad 
libitum.

Tumor model. For the sarcoma model, C57BL/6 mice (n = 5 
per group) were injected s.c. with 2.5 or 5 × 105 MCA205 fibro-
sarcoma cells (MCA205 cell lines were a gift from Dr. Jack 
Routes).61 Tumor growth was monitored using calipers and 
typically reported as a measurement of the longest diameter 
multiplied by the tumor measurement 90 degrees to the first 
measurement and reported as mean tumor size in mm2. Tumor 
growth was typically recorded every 2–4 d. Cell lines used in 
this study were routinely treated with Mycoplasma removal agent 
(MP Biomedicals). The MCA205 cells were maintained in 
MEM (Invitrogen) with essential and non-essential amino acids, 
L-glutamine, penicillin/streptomycin and 10% FBS (Gemini).

Preparation of liposomal clodronate and PBS and mouse 
treatment. Liposomal clodronate (LC) was produced as previ-
ously described by our laboratory.2,6 Briefly, phosphotidylcholine, 
cholesterol and mannose were dried as thin films in round bot-
tom tubes and then rehydrated with a 0.7 M solution of dichlo-
roethylene bisphosphonate (clodronate). After rehydration, the 
liposomes were washed in PBS to remove the unincorporated 
clodronate, filtered and stored in HEPES buffer at 4°C. Control 
PBS-containing liposomes (L-PBS) were prepared similarly, using 
a 1.5 M solution of PBS to rehydrate the liposomes. For tracking 
studies, BODIPY-labeled liposomes were prepared as described 
above, except that BODIPY-cholesterol (Invitrogen) was added 
to unlabeled cholesterol during liposome preparation. Mice were 
treated with 200 μL of LC or L-PBS injected i.v. via the lateral 
tail vein, administered once weekly. In some experiments, mice 
were treated with 200 μL LC administered by the i.p. route.

NK cell depletion. Tumor-bearing mice were depleted of NK 
cells by weekly i.p. administration of 50 μL anti-asialo-GM1 
antibody (Wako Bioproducts). Injections were initiated 24 h 
prior to the first administration of LC, and were repeated weekly, 
24 h prior to each successive LC administration. This treat-
ment protocol induced depletion of more than 80% of NK1.1+ 
cells (data not shown). Control mice were injected weekly i.p. 
with an equivalent amount of irrelevant rabbit IgG (Jackson 
ImmunoResearch).

Ex vivo splenic cell assays for CTL activity and cytokines. 
Mice bearing MCA205 tumors were treated once weekly with 
LC, as described above, and sacrificed one week after receiving 
the third dose of LC. To assess CTL activity, a CSFE CTL assay 
was performed following a novel published protocol.47 Briefly, 
cultured MCA205 tumor cell line cells (“target cells”) were 
labeled with CSFE and incubated for 3 d in culture with ex vivo 
spleen cells (“effector cells”) from the MCA205 tumor-bearing 
mice treated with LC or untreated (control), as described above. 
The CSFE-labeled tumor cells were removed via trypsinization 
and mixed with 7-AAD (eBiosciences) 5 min before and Caltag 
Counting beads (Invitrogen) immediately prior to analysis via 

Expanded populations of MDSCs have been described in 
tumor-bearing mice and humans and these cells appear to play 
a key role in suppressing adaptive immunity to tumors.26–31,55,56 
We found that the treatment of tumor-bearing mice with LC 
induces significant depletion of CD11b+Gr-1+ MDSCs (Fig. 5). 
Administration of LC primarily depleted mMDSCs as opposed 
to nMDSCs. The preferential depletion of mMDSC is important 
given that mMDSCs have been shown to be more immunosup-
pressive than neutrophilic MDSCs.57 Augier et al.58 have shown 
that inflammatory Gr-1+ monocytes not only support tumor 
growth, but also provide precursors to tolerogenic DCs involved 
in IL-10 production and regulatory T-cell stimulation.

One drawback to the use of an unspecific cell-depleting agent 
such as LC is that many different types of phagocytic cells are 
depleted, including DCs.5 Depletion of DCs by a drug like LC 
potentially inhibits the development of robust tumor-immunity. 
However, although there was a significant decrease in DCs in 
the spleen and TDLNs following LC administration (Fig. 5D), 
we observed that weekly treatments with LC did not lead to 
overt immune suppression, but instead stimulated robust T-cell-
mediated antitumor immunity. Thus, the net positive effects 
of systemic LC administration indicate that the elimination of 
immunosuppressive MDSCs and TAMs outweighs the potential 
suppressive effects of DC depletion.

The primary effect of LC was to increase T-cell and NK-cell 
functionality, as reflected by enhanced cytokine secretion and 
cytotoxicity responses. The fact that LC treatment increased the 
production of IL-17 (Fig. 3C) suggests a novel pathway by which 
MDSCs may potentially inhibit antitumor immune responses. 
IL-17 has been demonstrated to play a role in the development 
of antitumor immunity by reducing large tumor burdens in an 
IFNγ-dependent manner59 and by other T cell-dependent mech-
anisms.60 Interestingly, some LC-treated MCA205 tumor-bear-
ing mice underwent complete regression and become resistant to 
a subsequent tumor challenge with MCA205 tumor cells (data 
not shown). This observation suggests that restoration of T- and 
NK-cell functions upon myeloid cell depletion may also lead to 
the development of robust memory T-cell responses.

In our model, we observed enhanced immune activity against 
unmodified and relatively non-immunogenic tumor cells. The 
tumor cells used in this study (MCA205 and CT26 cells) are 
resistant to in vitro killing by LC (unpublished observations) and 
thus the antitumor effects observed following LC administration 
appear to reflect the activation of an antitumor immune response. 
Thus, we propose that the treatment with an unspecific myeloid 
cell-depleting agent could be effective if administered together 
with chemotherapy or radiation therapy, as MDSC depletion 
may enhance antigen presentation to T cells and their functional 
activation.

Materials and Methods

Ethics statement. All research involving animals in these studies 
was conducted in accordance with guidelines and animal proto-
cols (11–2635A and 11–2817A) approved by the Animal Care and 
Use Committee at Colorado State University.
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populations were pooled for analysis using the following mark-
ers: anti-CD11c (PE, clone N418), anti-CD11b, anti-F4/80, anti-
B220 (eFluor 780, clone RA3–682), anti-CD8, anti-NKG2D, 
clone CX5). For analysis of tumor cell populations, cells were 
stained with propidium iodide (PI) to exclude dead cells from 
analysis and cell populations (excluding endothelial cells) were 
calculated based on the percentage of CD45+ cells analyzed.

Liposome distribution and uptake by tumors and TAMs. To 
track the distribution and uptake of LC by phagocytic cells in 
tumor tissues and other tissues, mice were injected with L-PBS 
labeled with BODIPY cholesterol64 and tissues were collected 
6h later for preparation of single cell suspensions and analysis 
by flow cytometry. Mice with established s.c. MCA205 tumors 
were injected i.v. with 200 μL labeled liposomes (or diluent) and 
sacrificed 6h later. In addition, tumor, spleen and draining lymph 
node tissues were also evaluated to identify cells that had phago-
cytosed labeled liposomes.

Statistical analyses. Statistical analyses were performed using 
GraphPad Prism software. Differences between two groups were 
compared using a non-parametric U test (Mann-Whitney). 
Differences between three or more treatment groups were deter-
mined using a nonparametric, one-way ANOVA (Kruskal-Wallis), 
followed by Dunn’s multiple means comparison tests. Tumor 
growth rates were compared using repeated measures ANOVA 
followed by Bonferroni post-test. Kaplan-Meier curves were com-
pared with the Logrank test. For all analyses, a p value of < 0.05 
was considered statistically significant, unless otherwise noted.
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flow cytometry. Numbers of viable tumor cells in the cultures 
containing spleen cells from LC-treated mice were calculated and 
compared with numbers of viable cells obtained from cultures 
of CSFE-labeled MCA205 cells and spleen cells derived from 
untreated, tumor-bearing mice to calculate percent survival.

To assess tumor-specific cytokine release by T cells, spleen 
cells were harvested from control or LC-treated MCA205 tumor-
bearing mice and placed in culture with MCA205 cell line cells 
without any additional cytokines or mitogens. Cultures were incu-
bated at 37°C for 72h before removal of supernatants for analysis 
of IFNγ via ELISA (IFNγ ELISA DuoKit, R&D Systems) or 
IL-17 via ELISA (IL-17 ELISA DuoKit, R&D Systems).

Cell isolation and flow cytometry. Single cell spleen suspen-
sions were prepared by gently pressing spleen tissue through a 
screen followed by lysis of erythrocytes using ACK solution 
(150 mM NH

4
Cl, 10 mM KHCO

3
 and 0.1 mM Na

2
EDTA). For 

preparation of single cell suspensions of tumor tissues, tumor tis-
sues were minced and placed in 1–2 mL of collagenase solution 
and incubated at 37°C for 20 min prior to manual dissociation, as 
described previously.62 Cells were immunostained using antibod-
ies diluted in FACs buffer (PBS with 2% fetal bovine serum and 
0.05% sodium azide) following a 5 min incubation with normal 
mouse serum to block non-specific binding. Directly conjugated 
antibodies used for these analyses were purchased from Becton 
Dickinson, Invitrogen, or eBiosciences.

The following antibodies were used for analysis of the indicated 
cell populations: (1) Monocytes and macrophages: anti-CD45 
(biotin or Pacific Orange conjugated, clone 30-F11), anti-F4/80 
(APC, clone BM8), anti-CD11b (Pacific Blue or eFluor 450, 
M1/70clone), anti-Ly6G (FITC, clone 1A8), anti-CD115 (PE, 
clone FMS) and anti-Ly6C (biotin, clone AL-21); (2) T cells and 
NK cells: anti-CD45, anti-CD4 (PB, clone RM4–5), anti-CD8 
(PECy7, clone 53–6.7), anti-CD3 (biotin or FITC-conjugated, 
clone eBio500A2), anti-NK1.1 (PE or APC, clone PK136) and 
anti-CD25 (PE, clone PC61); (3) MDSCs: anti-CD45, anti-
CD11b, anti-Gr-1 (PECy7, clone RB6–8C5); and (4) endothe-
lial cells: anti-CD45, anti-CD11b and anti-CD31 (FITC, clone 
390). Endothelial cells were identified as CD45−CD11b−CD31+ 
cells, as described previously by our group;63 and individual DC 
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