
Anti-tumour synergy of cytotoxic chemotherapy and anti-CD40

plus CpG-ODN immunotherapy through repolarization of tumour-

associated macrophages

Introduction

Current cancer treatment frequently involves multiple

treatment modalities, including surgery, radiation therapy,

chemotherapy (CT) and immunotherapy (IT). The com-

bination of several anti-tumour treatments (e.g. multiple

distinct classes of chemotherapy) is more effective than

monotherapy because they act on the tumour at multiple

sites and via different mechanisms. However, multidrug

CT regimens might be expected to interfere with

immune-based therapies that depend on the actions of T

cells and natural killer (NK) cells that are susceptible to

CT-induced immune suppression.1–7 We hypothesized

that macrophages (M/) might be more resistant to CT

than other immune cells, and that IT directed towards

the activation of M/ might therefore be synergistic with

CT.

We recently established a preclinical IT protocol in

tumour-bearing mice that was effective in suppressing

tumour growth, even in the setting of profound immune

deficiency, via the activation of M/. This regimen combines

agonistic monoclonal anti-CD40 and class B cytosine–

phosphate–guanosine-containing oligodeoxynucleotide

1826 (CpG-ODN). This IT protocol was effective in

controlling the growth of several distinct syngeneic mur-

ine tumours.8 Anti-tumour effects were seen against B16
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Summary

We studied the effectiveness of monoclonal anti-CD40 + cytosine–phos-

phate–guanosine-containing oligodeoxynucleotide 1826 (CpG-ODN)

immunotherapy (IT) in mice treated with multidrug chemotherapy (CT)

consisting of vincristine, cyclophosphamide and doxorubicin. Combining

CT with IT led to synergistic anti-tumour effects in C57BL/6 mice with

established B16 melanoma or 9464D neuroblastoma. CT suppressed the

functions of T cells and natural killer (NK) cells, but primed naı̈ve perito-

neal macrophages (M/) to in vitro stimulation with lipopolysaccharide

(LPS), resulting in augmented nitric oxide (NO) production. IT, given

after CT, did not restore the responsiveness of T cells and NK cells, but

further activated M/ to secrete NO, interferon-c (IFN-c) and interleukin

(IL)-12p40 and to suppress the proliferation of tumour cells in vitro.

These functional changes were accompanied by immunophenotype altera-

tions on M/, including the up-regulation of Gr-1. CD11b+ F4/80+ M/
comprised the major population of B16 tumour-infiltrating leucocytes.

CT + IT treatment up-regulated molecules associated with the M1 effector

M/ phenotype [CD40, CD80, CD86, major histocompatibility complex

(MHC) class II, IFN-c, tumour necrosis factor-a (TNF-a) and IL-12] and

down-regulated molecules associated with the M2 inhibitory M/ pheno-

type (IL-4Ra, B7-H1, IL-4 and IL-10) on the tumour-associated M/ com-

pared with untreated controls. Together, the results show that CT and

anti-CD40 + CpG-ODN IT synergize in the induction of anti-tumour

effects which are associated with the phenotypic repolarization of tumour-

associated M/.

Keywords: anti-CD40; chemotherapy; CpG-ODN; immunotherapy; mono-

cytes/macrophages; tumour recognition
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melanoma and NXS2 neuroblastoma (NB), neither of

which express receptors for anti-CD40 (CD40) or CpG-

ODN (TLR9),8 as well as against CD40/TLR9-expressing

B-cell chronic lymphoma.9 In all models tested, the in

vivo effect was mediated by M/ and did not appear to

involve any direct cytotoxic/pro-apoptotic effect of

anti-CD40 or CpG-ODN. These preclinical results may

have clinical relevance as M/ comprise a major popula-

tion of tumour-infiltrating leucocytes in many types of

cancer.10,11

Multidrug CT protocols, such as VCD (vincris-

tine + cyclophosphamide + doxorubicin), are commonly

used clinically for the treatment of solid and haemato-

logical malignancies12–14 and are also known for their

immunosuppressive effects against lymphoid cells.15 In

this study we tested if combining the VCD CT regimen

with anti-CD40/CpG-ODN IT would result in aug-

mented anti-tumour effects in immunocompetent

C57BL/6 mice. It was found that these CT and IT regi-

mens synergized in inducing anti-tumour effects in vivo

despite CT-induced suppression of effector functions of

T cells and NK cells. Further analyses demonstrated that

CT primed M/ to subsequent stimulation via CD40 and

TLR9 that resulted in augmented M/ secretory and

anti-tumour properties in vitro. Analyses of tumour-asso-

ciated M/ (SAL) from CT plus IT-treated tumour-

bearing mice revealed that in vivo anti-tumour effects

were paralleled by the changing of TAM from a pro-

tumour (M2) phenotype into M/ with an effector (M1)

phenotype.

Materials and methods

Mice

Six- to ten-week-old C57BL/6 mice (Harlan Sprague

Dawley, Madison, WI), were housed, cared for and used

in accordance with the Guide for Care and Use of Labora-

tory Animals (NIH publication 86-23, National Institutes

of Health, Bethesda, MD, 1985).

Tumour cell lines

Mouse B16 melanoma and 9464D NB cell lines were

grown in complete RPMI-1640 or Dulbecco’s modified

Eagle’s minimal essential medium (DMEM), respectively,

supplemented with 10% fetal bovine serum (FBS)

(Sigma-Aldrich, St Louis, MO), 2 mM L-glutamine, 100 U/

ml of penicillin/streptomycin and 0�5 lM 2-mercaptoetha-

nol (2-ME) (Invitrogen Life Technologies, Carlsbad, CA)

at 37� in a humidified 5% CO2 atmosphere. The 9464D

disialoganglioside-2-positive, N-myc-overexpressing NB

cell line was established in the laboratory of Dr Jon Wigg-

inton (NCI), and was derived from spontaneous NB

tumours arising in C57BL/6 N-myc transgenic mice

developed originally by Dr William A. Weiss (University

of California, San Francisco, CA).16

In vivo tumour models and measurement of anti-
tumour effects

Subcutaneous B16 melanoma and 9464D NB tumours

were established by the injection of 1 · 105 B16 cells/

0�05 ml and 2 · 106 9464D cells/0�1 ml phosphatebuffered

saline (PBS) in the abdomen. Anti-tumour effects were

evaluated by measuring in situ tumour volumes, calcu-

lated as follows: smaller diameter (mm) · smaller diame-

ter (mm) · larger diameter (mm) · (p/6), and expressed

as mean ± standard error of the mean (SEM) of tumour

sizes of all mice of the experimental group.

Intra-adrenal 9464D tumours were established by direct

implantation of 1 · 106 tumour cells in 0�03 ml PBS into

the left adrenal gland, as previously described.17 Anti-

tumour effects were evaluated by measuring the perpen-

dicular sizes of the excised tumour, calculated as follows:

smaller diameter (mm) · smaller diameter (mm) · larger

diameter (mm) · (p/6), and expressed as mean ± SEM of

tumour sizes of all mice of the treatment group. Alterna-

tively, excised peri-renal tumour masses were weighed

and the weight of the contralateral normal kidney was

subtracted to yield the net tumour weight, which was

expressed as mean ± SEM of the net tumour weights of

all mice of the experimental group.

CT and IT protocols

CT treatment group Naı̈ve or tumour-bearing mice were

treated with VCD CT (vincristine 0�5 mg/kg, cyclophos-

phamide 100 mg/kg, doxorubicin 3�3 mg/kg)18 via a sin-

gle injection in a total volume of 0�25 ml of PBS.

Administration was either intraperitoneal or intravenous,

and is specified for each experiment. For naı̈ve mice, CT

treatment was performed on day 0, followed by 0�25-ml

injections of PBS on days 3 and 6 as control treatments

for IT. For tumour-bearing mice the treatment was usu-

ally started on days 8–10 after tumour implantation,

unless specified otherwise for certain experiments.

IT treatment group Monoclonal anti-CD40 was obtained

from ascites of nude mice injected with FGK 45.5 hybrid-

oma cells (a gift from Dr F. Melchers, Basel Institute

for Immunology, Basel, Switzerland) and enriched for

IgG by ammonium sulphate precipitation. Endotoxin-free

CpG1826 (TCCATGACGTTCCTGACGTT; the CpG

motifs are underlined) was purchased from Coley Phar-

maceuticals Group (Wellesley, MA). Administration was

either intraperitoneal. or intravenous, and is specified for

each experiment. Naı̈ve mice were treated with agonistic

anti-CD40 (0�5 mg/0�25 ml, unless indicated otherwise)
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on day 3 and CpG-ODN 1826 (0�1 mg/0�25 ml, unless

indicated otherwise) on day 6, with these two treatments

preceded by injection of 0�25 ml of PBS on day 0 as a

control treatment for CT (see above). For tumour-bearing

mice the treatment was usually started on days 8–10 after

tumour implantation, unless specified otherwise for cer-

tain experiments.

CT + IT In experimental groups where CT and IT were

combined, anti-CD40 was given 3 days after CT, and

CpG-ODN was given 3 days after treatment with

anti-CD40. Control groups received PBS. In some experi-

ments, the CT + IT cycles were repeated, with 3–4 days

of rest between cycles.

Splenocyte preparation Splenocytes were prepared from

whole spleens pooled from three C57BL/6 mice by pro-

cessing the spleens to a single-cell suspension, followed by

lysis of erythrocytes by hypotonic shock.

Splenic T-cell proliferation assay Flat-bottom 96-microwell

cell-culture clusters were precoated with 5 lg/ml (0�1 ml/

well) of monoclonal anti-CD3 (clone 145-2C11, functional

grade purified hamster IgG) or control hamster IgG,

both from eBioscience (San Diego, CA), for 24 hr at 4�,

and the unbound IgG was removed by washing with ice-

cold PBS.

Before plating, the splenocyte preparations from differ-

ent treatment groups were analyzed by flow cytometry to

determine the number of CD3+ cells, and the samples

were adjusted to 5 · 105 CD3+ T cells/ml. Fifty-thousand

CD3+ cells were cultured in triplicate for 72 hr in com-

plete medium in plates precoated with anti-CD3- or con-

trol IgG. To measure cell proliferation, the cells were

pulsed with 1 lCi/well of [3H]thymidine ([3H]TdR) for

the last 6 hr, and retained radioactivity was counted by

b-scintillation of total cells harvested from the wells onto

glass fibre filters (Packard Instrument, Meriden, CT),

using the Packard Matrix 9600 Direct Beta Counter

(Packard Instrument). The results represent the mean ±

SEM of b-scintillation counts acquired in 5 min from

triplicate samples.

Splenic NK cell-medicated cytotoxicity Splenocytes from

mice of different treatment groups were adjusted to

1 · 105 Ly49b+ NK cells/ml and cultured in medium sup-

plemented with 100 U/ml of recombinant human inter-

leukin (IL)-2. At 72 hr of culture, the cells were harvested

and readjusted to 5 · 105 viable total splenocytes/0�1 ml,

and thereafter tested for lysis of 5 · 103 NK cell-sensitive
51Cr-pulsed YAC-1 cells at different effector-to-target

(E/T) ratios (100:1, 50:1, 25:1, 12�5:1) following 4 hr of

co-culture in a final volume of 0�2 ml. After 4 hr of incu-

bation, the supernatant was harvested utilizing the Skatron

harvesting system (Skatron, McLean, VA) and cytotoxicity

values (%) were calculated at each E/T ratio, as reported

previously.19

In vitro M/-mediated inhibition of tumour cell prolifera-

tion Peritoneal cells (PCs) were obtained from mice by

peritoneal cavity lavage. Before plating, PCs from differ-

ent treatment groups were analyzed by flow cytometry to

determine the proportion of CD11b+ F4/80+ cells, and

thereafter seeded in 96-microwell flat-bottom cell-culture

clusters at 2�5–3 · 105 CD11b+ F4/80+ cells/0�2 ml.

Ninety minutes later, non-adherent cells were removed

from the culture by repeated pipetting. This protocol

yields a relatively pure population of M/, based on

co-expression of F4/80 and CD11b on 97% of cells.20 The

resultant adherent M/ were thereafter incubated with

B16 tumour cells (5 · 105 cells/ml, 0�05 ml/well, unless

otherwise indicated) for 48 hr in medium with or without

10 ng/ml of lipopolysaccharide (LPS) from Salmonella

enteritidis (Sigma-Aldrich) in a final volume of 0�2 ml.

To measure tumour cell proliferation, the cell cultures

were pulsed with 1 lCi/well of [3H]TdR for the last 6 hr,

and retained radioactivity was counted by b-scintillation

of total cells harvested from the wells onto glass fibre

filters (Packard Instrument), using the Packard Matrix 9600

Direct Beta Counter (Packard Instrument). Under these

conditions M/ incorporate negligible amounts of

[3H]TdR, enabling [3H]TdR to reflect the level of prolif-

eration of the tumour cells. Inhibition of proliferation

was calculated as c = [(a)b)/a] · 100, where c is the inhi-

bition index; a is the mean value of [3H]TdR incorpo-

rated into tumour cells cultured in triplicate in medium

without M/, in the absence or presence of LPS; and b is

the mean value of [3H]TdR incorporated into tumour

cells cultured in triplicate in medium with M/, in the

absence or presence of LPS.

Nitric oxide detection M/ were cultured with tumour

cells, as described above, to determine the inhibition,

in vitro, of M/-mediated tumour cell proliferation. At

48 hr of co-culture, the M/-containing tumour cell cul-

ture supernatants were collected without disturbing the

cell monolayers. Nitrite accumulation in the cell-culture

supernatants was determined by using the Griess reagent

(Sigma-Aldrich) as described previously.21

Labelling of PCs with carboxyfluoroscein succinimidyl

ester Carboxyfluoroscein succinimidyl ester (CFSE: exci-

tation, 490 nm; emission, 518 nm) was purchased from

Invitrogen (Carlsbad, CA). Before labelling, PCs (pooled

from 10–20 naı̈ve C57BL/6 mice) were washed twice with

PBS at room temperature to eliminate mouse serum resi-

dua, resuspended in 10 ml of 37� PBS supplemented with

5 mM of CFSE and incubated for 15 min at 37�. The PCs

were washed once with ice-cold PBS containing 10% FCS

(to neutralize free, cell-unbound label) and once with
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serum-free PBS, resuspended at 2–4 · 106 PC/ml and

injected intraperitoneally into mice.

Flow cytometry analysis

Phenotypic and quantitative analysis of spleno-

cytes Splenocyte preparations were resuspended in ice-

cold PBS + 2% FCS at 3 · 106 cells/ml, dispensed in flow

cytometry testing Falcon tubes at 3 · 105 cells/0�1 ml and

stained with 0�1 lg/sample of anti-CD3-conjugated

fluorescein isothiocyanate (FITC) (clone 145-2C11),

anti-B220–FITC (RA3-6B2), anti-CD11b–allophycocyanin

(M1/70), anti-Ly49b–FITC (DX5), anti-F4/80–FITC

(BM8) and anti-Gr1-conjugated phycoerythrin (PE)

(RB6-8C5) all from eBioscience, for 40 min on ice, fol-

lowed by cell washing with ice-cold PBS and fixation with

2% paraformaldehyde. Analysis of F4/80 (BM8) and Gr-1

(RB6-8C5) expression on splenic M/ was performed by

gating on CD11b+ cells. Data acquisition was performed

on a FACSCalibur flow cytometer with CELLQUEST soft-

ware (BD, Franklin Lakes, NJ). Analysis was performed

on FLOWJO (TreeStar, Inc., Ashland, OR) software. To cal-

culate the absolute number of a splenocyte subset in the

total pool of splenocytes, the absolute number of total

splenocytes (obtained via counting the cells on a haemo-

cytometer) was multiplied by the relative prevalence of

that subset (%) obtained via flow cytometry analysis. The

results were expressed as the absolute number (·106) of

the population expressing the antigen of interest.

Phenotypic and quantitative analysis of M/ PCs were har-

vested and counterstained with anti-CD11b–allophycocya-

nin (M1/70), anti-F4/80–FITC (BM8), anti-Gr1–PE (RB6-

8C5), anti-Ly6C-conjugated peridinin chlorophyll protein

(PerCP)-Cy5.5 (HK1.4), all from eBioscience, and anti-

Ly6G–PE (1A8), from BD Bioscience, on ice for 40 min,

followed by repeated cell washing with ice-cold PBS + 2%

FCS and fixation in 2% paraformaldehyde. Data acquisi-

tion was performed on a FACSCalibur flow cytometer

with CELLQUEST (BD) software. Analyses were performed

on FLOWJO (Tree Star, Inc., Ashland, OR) software by gat-

ing on CD11b+ F4/80+ cells.

In separate experiments, collected PCs were seeded in

six-well plates at 1 · 106 PC/ml, 5 ml, with subsequent

removal of non-adherent cells, and were thereafter cul-

tured for 12 hr in complete medium supplemented with

10 ng/ml of LPS and 1 lM monensin. At 12 hr of culture,

the adhesion-purified M/ were harvested with 0�53 mM

EDTA, resuspended in PBS + 2% FCS, then stained with

anti-CD11b–allophycocyanin and F4/80–FITC for 40 min

on ice. After staining with anti-CD11b/F4/80–allophyco-

cyanin, the cells were washed in ice-cold PBS, fixed and

permeabilized as previously described,8 and stained with

anti-interferon-c (IFN-c)–PE (XMG1.2) and anti-IL-12–PE

(C17.8). Flow cytometry analysis was performed as

described above. The results are presented as mean fluo-

rescence intensity (MFI) ratios, calculated as the value of

MFI of staining with a specific monoclonal antibody

(mAb) divided by the value of MFI of staining with iso-

type-matched control IgG; the MFI ratio equals 1 when

an antigen is not expressed. This approach allows for

comparison of the same parameter but in different exper-

imental conditions. Quantitative analysis of CD11b+ F4/

80+ PCs was performed as described above for the analy-

sis of CD11b+ splenic M/.

Analysis of tumour-associated M/ Harvested subcutaneous

tumours were mechanically disaggregated and single-cell

suspensions were obtained by centrifugation through a Fi-

coll–Paque density gradient at 450 g using a GH-3.8 rotor

for 30 min. The tumour-cell preparations were resus-

pended in ice-cold PBS + 2% FCS at 5 · 106 total cells/

ml, dispensed in flow cytometry testing Falcon tubes at

5 · 105 cells/0�1 ml and stained with 0�1 lg/sample of

anti-CD45–allophycocyanin (30-F1), anti-CD11b–FITC or

–allophycocyanin (M1/70), anti-F4/80–FITC (BM8), anti-

Gr1–PE (RB6-8C5), anti-CD40–PE (1C10), anti-MHC

class II–PE (M5/114.15.2), anti-CD80–PE (16-10A1), anti-

CD86–PE (GL1) and anti-Ly6C–PerCP-PECy5.5 (HK1.4),

all from eBioscience, and anti-Ly6G–PE (1A8), anti-IL-

4R-alpha–PE (mIL4R-M1), anti-B7-H1–PE (MIH5), from

BD Bioscience, for 40 min on ice, followed by repeated

cell washing with ice-cold PBS + 2% FCS and fixation in

2% paraformaldehyde. Analysis was performed, as

described above, by gating on CD45+ CD11b+ tumour-

infiltrating leucocytes or CD11b+ F4/80+ M/.

Alternatively, tumour-derived single-cell preparations

were plated in six macro-well cell-culture clusters at

5 · 106 total cells/ml, in 5 ml, in complete RPMI-1640

supplemented with 1 mM monensin. At 12 hr the cells

were harvested with 5% EDTA, resuspended in PBS + 2%

FCS, then stained with anti-CD11b–allophycocyanin and

anti-F4/80–FITC for 40 min on ice. Subsequently, the

cells were washed in ice-cold PBS, fixed and permeabi-

lized as previously described,8 and stained with anti-IL-4–

PE (11B11), anti-IL-10–PE (JES5-16E3), anti-IFN-c–PE

(XMG1.2), anti-tumour necrosis factor-a (TNF-a)–PE

(MP6-XT22), or anti-IL-12–PE (C17.8). Flow cytometry

analysis was performed, as described above, by gating on

CD11b+ F4/80+ M/. The results are presented as MFI

ratios.

Statistical analysis A two-tailed Student’s t-test was used

to determine significant differences between experimental

and relevant control values within one experiment. Statis-

tical analysis of inhibition of the tumour cell proliferation

under different experimental conditions was performed

on original [3H]TdR-incorporation values, which were

also used to calculate the percentage of inhibition.
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Results

VCD-CT and anti-CD40 + CpG-ODN IT synergize in
inducing anti-tumour effects in vivo

We have previously shown that anti-CD40 and CpG-ODN

synergize in activating M/ and suppressing the growth of

tumours in various models.8,9 As M/ are relatively resis-

tant to certain CT regimens,22 we hypothesized that the

anti-tumour effects induced by CT will be augmented by

anti-CD40 and CpG-ODN IT. To determine the anti-

tumour effect of CT alone, mice bearing palpable subcuta-

neous B16 tumours were given a single cycle of VCD-CT

on days 3, 8 or 11 after the tumour had been implanted,

and the tumour growth (Fig. 1a) and survival (Fig. 1b)

were monitored. Significant suppression of tumour

growth was seen when treatment was started on days 3 or

8. However, complete tumour resolution was not

achieved, and survival of the mice was extended by less

than twofold.

Next, we tested whether a combination of CT with IT

would result in synergistic anti-tumour effects in mice

bearing subcutaneous B16 tumours. CT was given on

days 8 and 17 after tumour implantation, and anti-CD40

was given on days 11 and 20 followed by CpG-ODN

3 days later8 (i.e. on days 14 and 23). Animals that

received both CT and IT showed the strongest anti-

tumour response, resulting in significant inhibition of

tumour growth (P < 0�001, CT + IT versus CT or IT

alone, Fig. 1c). In addition, the tumours in the CT + IT

group showed transient shrinkage of volume, with the

tumours in this group being smaller on day 26 than on

day 8 (P = 0�0002). This combined treatment also

resulted in significant (3�5-fold) prolongation of survival

compared with other groups (Fig. 1d).

To confirm the synergy between CT and IT observed in

this subcutaneous B16 tumour model, we delivered CT or

IT, alone or in combination, to C57BL/6 mice bearing

subcutaneous 9464D NB tumours (Fig. 1e,f). The com-

bined CT + IT treatment resulted in very potent suppres-

sion of tumour growth (Fig. 1e) as well as significantly

prolonged survival of the tumour-bearing mice compared

with other groups (Fig. 1f).

The synergy between CT and IT was also seen when

used to treat mice bearing intra-adrenal 9464D NB

tumours. The CT and IT administered in combination

induced the strongest anti-tumour effects based on

tumour weight (Fig. 1g), tumour volume (Fig. 1h) and

overall mouse survival (Fig. 1i; 33 days for the control

group versus 69 ± 1�55 days for the CT + IT treatment

group, P < 0�001).

CT + IT treatment results in redistribution of major
subsets of spleen leucocytes

CT is known to frequently cause temporary lymphocy-

topenia, whereas IT may result in the expansion of certain

subsets of lymphocytes. We evaluated the total numbers

of splenocytes as well as the total numbers of CD3+ T

cells, B220+ B cells, CD11b+ M/ and Ly49b+ NK cells in

the spleens of naı̈ve mice after a single cycle of CT and

IT, separately or in combination. As shown in Fig. 2, CT

Figure 1. Chemotherapy (CT) and immunotherapy (IT) synergize in inducing anti-tumour effects in vivo. (a,b) C57BL/6 mice (n = 5 per group)

bearing subcutaneous B16 melanoma tumours were treated with CT, via a single intraperitoneal injection, on different days after tumour implan-

tation. Tumour volumes, expressed as mean ± standard error of the mean (SEM), (a) and survival (b) were monitored. (a) *P > 0�05 (control

versus CT day 11); @P < 0�02 (control group versus CT day 3 or CT day 8); #P > 0�05 (CT day 3 versus CT day 8). (b) *P > 0�05 (control ver-

sus CT day 11); @P = 0�031 (control group versus CT day 3); #P = 0�043 (control group versus CT day 8); &P > 0�05 (CT day 3 versus CT day

8). (c,d) C57BL/6 mice (n = 6 per group) bearing subcutaneous B16 melanoma tumours were treated intravenously with CT on days 8 and 17

after tumour implantation and IT (anti-CD40 on days 11 and 20 plus CpG-ODN 1826 on days 14 and 23 after tumour implantation), alone or

in combination. Tumour volumes (c) and mouse survival (d) were monitored. (c) *P < 0.001 (control versus CT or IT); @P < 0�001 (CT or IT

versus CT + IT). (d) *P > 0�05 (control versus CT); @P = 0�036 (control versus IT); #P < 0�01 (control versus CT + IT); &P < 0�02 (CT + IT

versus either CT or IT). (e,f) C57BL/6 mice (n = 5 per group) bearing subcutaneous 9464D neuroblastoma (NB) tumours were treated intraperi-

toneally with CT on day 15 after tumour implantation, and IT (anti-CD40 on days 18 and 25 plus CpG on days 21 and 28 after tumour implan-

tation), alone or in combination. Tumour volumes (e) and mouse survival (f) were monitored. (e) *P > 0�05 (control versus IT); @P < 0�006

(control versus CT); #P < 0�007 (CT + IT versus CT or IT). (f) *P > 0�05 (control versus IT); @P < 0�05 (control versus CT); #P > 0�05 (CT

versus IT); &P < 0�03 (control versus CT + IT); ^P < 0�05 (CT + IT versus CT or IT). (g–i) C57BL/6 mice (n = 9 per group) bearing intra-adre-

nal 9464D NB tumours were treated with CT on days 10 and 20 after tumour implantation, and with IT (anti-CD40 on days 13 and 23 plus

CpG on days 16 and 26 after tumour implantation), alone or in combination. Mice were monitored for tumour growth by left flank palpation

every third day. On day 33 after tumour implantation, when animals of the control group showed symptoms as a result of the large tumour size,

all mice of the control group and three randomly selected mice from each of the experimental groups were killed, and tumour weight (g) and

volume (h) were calculated and compared with those in mice killed on day 10 after tumour implantation, before the treatment started. The rest

of the treated animals were also followed for survival (i). (g) *P = 0�0027, @P = 0�0307, #P = 0�002, &P = 0�0001, ^P = 0�0046. (h) *P = 0�0013,

@P = 0�0307, #P = 0�015, &P = 0�009, ^P = 0�017. (i) *P = 0�027 (control versus IT); @P = 0�009 (control versus CT); #P = 0�041 (CT versus

IT); &P < 0�001 (control versus CT + IT); ^P < 0�025 (CT + IT versus CT or IT). Presented are the results from one experiment (a,b), and

representative of three experiments (c,d) or two experiments (e,f and g,i). D3, day 3; D8, day 8; D11, day 11.
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caused a statistically significant decrease in the numbers

of total splenocytes (Fig. 2a) because of a reduction, at

least in part, of the total number of B cells and NK cells

(Fig. 2b). In contrast, IT resulted in increased numbers of

all four subsets of splenic cells. When IT was adminis-

tered after CT, it did not significantly change the number

of total splenocytes compared with CT alone (Fig. 2a),

but led to an increase in the overall number of CD11b+

splenic M/ (*P = 0�022) while decreasing the numbers of

T cells, B cells and NK cells (Fig. 2b).

A number of cells are known to express CD11b (also

known as integrin alpha M antigen, macrophage-1 alpha

antigen, or complement receptor-3): monocytes, M/ and

microglia express high levels of CD11b, whereas granulo-

cytes, NK cells, CD5+ B-1 cells and certain subsets of den-

dritic cells express CD11b to a much lower extent. Recent

analyses of naı̈ve and tumour-bearing mice have identi-

fied populations of CD11b+ cells with varying levels of

Gr-1 expression and co-expression of F4/80; their sup-

pressive activity has been used to characterize them as

myeloid-derived suppressor cells (MDSCs), but not all

cells with these markers are suppressive. We evaluated the

CD11bhigh splenocytes (Fig. 2ci, region G) for co-expres-

sion of F4/80 (a pan-M/ marker) as well as Gr-1 (the
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myeloid differentiation antigen) (Fig. 2cii–vii). It was

found that the CD11bbright splenocyte population is repre-

sented by two distinct subsets: a major subset of F4/

80+GR-1bright cells and a minor subset of F4/80+ GR-1dim

cells (Fig. 2civ–vii). Interestingly, CT (Fig. 2cv), alone or

in combination with IT (Fig. 2cvii), increased the preva-

lence of F4/80+ GR-1bright cells; �96% of all CD11bbright

splenocytes in mice receiving the combined CT+IT treat-

ment were also Gr-1bright (Fig. 2cvii).

CT treatment results in differential
immunosuppression

Having documented quantitative changes in the composi-

tion of the splenic cell subset after treatment with CT,

alone, or in combination with IT (Fig. 2), we then investi-

gated whether this VCD-CT regimen, with or without IT,

could affect the functional characteristics of the major

immune effectors involved in anti-tumour responses

(Fig. 3a–e). First, we tested splenic CD3+ T cells for their

ability to proliferate in response to in vitro stimulation

with plate-bound anti-CD3 mAb (Fig. 3a). As shown, T

cells from control and IT-treated animals proliferated well

after CD3 stimulation. In contrast, splenocytes from the

CT-treated group and from the CT + IT treatment group

showed minimal proliferative response to the CD3 stimu-

lation. Thus, CT induced profound T-cell suppression,

and the IT failed to restore T-cell proliferative function.

Next, we tested the ability of splenic NK cells to lyse

YAC-1 cells in vitro (Fig. 3b). As shown, splenic NK cells

from the control and IT-treated groups efficiently lysed

YAC-1 cells. In contrast, NK cells from mice that received
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Figure 2. Differential leucodepletion effect of chemotherapy (CT) on splenic T cells, B cells, natural killer (NK) cells and macrophages (M/).

Naı̈ve non-tumour-bearing C57BL/6 mice (n = 4 per group) were treated (intraperitoneally or intravenously in several different experiments)

with CT or immunotherapy (IT), alone or in combination, as described in the Materials and methods, and spleens were harvested on day 7 [i.e.

one day after the last treatment; the second injection of phosphate-buffered saline (PBS) for the CT-treatment group, or CpG-ODN for IT and

CT + IT treatment groups]. Absolute numbers of total splenocytes (a) or splenic CD3+ T cells, B220+ B cells, CD11b+ M/ and Ly49+ NK cells

(b) were computed based on the total number of cells and cell subset percentages from the flow cytometric analyses. The results are representa-

tive of at least three separate experiments. (a) *P = 0�0112, @P = 0�0001, #P = 0�464, &P = 0�3351. (b) (CD11b+) P = 0�022. (c) Splenic cells

from mice receiving the treatments indicated below were gated on CD11bhigh cells [region (g) in panel ci for control mice] and analyzed for

expression of F4/80 and Gr-1 (ciii–cvii). Panel cii shows the isotype-control staining, in place of the anti-F4/80 and anti-Gr-1. Panel ciii shows

staining with anti-F/80 and isotype (for anti-Gr-1) monoclonal antibodies (mAbs). Panels iv–vii show staining with anti-F4/80 and anti-Gr-1 of

M/ from mice treated with vehicles (iv), CT (v), IT (vi) and CT + IT (vii). Numbers in density plots indicate the percentage of events in each

quadrant. Data are representative of at least three experiments, with similar results obtained in each.
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CT alone or in combination with IT mediated minimal

cytotoxicity, even with in vitro IL-2 stimulation for 72 hr,

and even at the highest E/T ratio.

To test M/ function, we used the cells from the perito-

neal cavity. Unlike the inhibition of CD3+ T-cell and

Ly49+ NK-cell function by CT, peritoneal M/ exhibited

augmented function in vitro in response to LPS following

intraperitoneal CT treatment in vivo. This enhanced M/
function after CT included increased production of nitric

oxide (NO) (Fig. 3c) and of IFN-c and IL-12p40 (Fig. 3e).

These effects were mediated by M/ from the CT group. IT

treatment following CT synergistically increased the secre-

tory properties of M/ (Fig. 3c,e) and their ability to inhi-

bit tumour cell proliferation in vitro (Fig. 3d). Similar

functional effects to those shown in Fig. 3 were observed

for peritoneal CD11b+ M/ from mice that received intra-

venous CT and IT treatments (data not shown) and for

mice that received their CT and IT treatments intraperito-

neally. Overall, the results presented in Fig. 3 show that

this CT regimen suppresses functions of T cells and NK

cells but works together with IT in stimulating M/ func-

tions related to anti-tumour activity.

Effect of CT and IT treatments on M/ phenotype

We asked investigated whether peritoneal M/, unlike the

splenic immune effectors (T and NK cells), might be

exposed to very high concentrations of either CT drugs

or anti-CD40 and CpG-ODN following intraperitoneal

injection, which might affect their overall viability or

function. To address this, naı̈ve animals were transplanted

with syngeneic CFSE-labelled PC and then treated with

CT and IT, alone or combination, with the treatments

administered either intraperitoneally or intravenously

(Fig. 4). Naı̈ve mice were injected intraperitoneally with

2 · 106 syngeneic CFSE-labelled PC obtained from naive
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Figure 3. Differential effect of chemotherapy (CT) treatment on the functions of T cells, natural killer (NK) cells and macrophage (M/). (a)

Splenocytes from naı̈ve (i.e. non-tumour-bearing) C57BL/6 mice (n = 3 per group) treated intraperitoneally with CT and immunotherapy (IT),

alone or in combination, as described in the Materials and methods and in the legend for Fig. 2, were adjusted to 5 · 104 CD3+ T cells/0�1 ml

and cultured in 96-microwell tissue culture clusters precoated with aCD3 monoclonal antibody (mAb) or control IgG for 72 hr. Proliferation of

splenocytes was measured by the incorporation of [3H]thymidine during the last 6 hr of culture. *P = 0�0001, @P = 0�0001, #P = 0�052. (b)

Splenocytes from mice (n = 3 per group) treated intraperitoneally with CT and IT, alone or in combination, were adjusted to 1 · 105/ml of

Ly49b+ NK cells and cultured in medium supplemented with 100 U/ml of recombinant human IL-2 for 72 hr. After this in vitro stimulation, the

cell suspensions were readjusted to 5 · 105 viable total splenocytes/0�1 ml and tested for lysis of 5 · 103 NK cell-sensitive 51Cr-labelled YAC-1

cells/0.1 ml at the indicated effector-to-target ratios following 4 hr of co-culture in a final volume of 0�2 ml. The results are presented as percent-

age of cytotoxicity. (c–d) Peritoneal cells (PC) from mice treated intraperitoneally with CT and IT, alone or in combination, were adjusted to

2�5 · 105 CD11b+ F4/80+ M//0�1 ml, seeded in 96-microwell clusters, purified for M/ by adhesion to plastic, and thereafter tested in vitro for

nitric oxide (NO) production (c) and inhibition of B16 tumour cell proliferation following 48 hr of co-culture in vitro with 1 · 103 B16 tumour

cells/0�1 ml in medium supplemented with 10 ng/ml of lipopolysaccharide (LPS) (d). (c) *P = 0�01, @P = 0�006, #P = 0�002. (d) *P = 0�7,

@P = 0�01, #P = 0�009. (e) PC from CT and/or IT-treated mice (n = 3 per group) were purified for M/ by adhesion to plastic and cultured for

12 hr in medium supplemented with 1 lm monensin and 10 ng/ml of LPS, followed by flow cytometric assessment of the intracellular expression

of IL-12 and IFN-c. The results are presented as MFI ratios and are representative of at least three separate experiments with similar results

obtained in each.
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donor mice. CT and IT, alone or in combination, were

administered 24 hr after PC implantation, using the

schedule described in the Materials and methods.

Twenty-four hours after the last treatment (i.e. the second

PBS treatment for the CT group and CpG-ODN treat-

ment for the IT or CT+IT groups), PC were harvested

and tested by flow cytometry for the presence of CFSEb-

right CD11bbright M/ (Fig. 4). These transplanted M/
(upper right quadrants in Fig. 4) can be easily distin-

guished from the resident PC M/ (lower right quadrants

in Fig. 4) by their CFSE fluorescence signal. As shown in

Fig. 4, CT but not IT, administered intraperitoneally, vir-

tually eliminated the transplanted CFSEbright CD11bbright

M/. Resident M/ (CFSEneg CD11b+) in mice from the

group receiving intraperitoneal CT revealed an altered

pattern of CD11b expression, becoming CD11bdim in

comparison with resident M/ from the control group

(the MFI ratio for CD11b in the CFSEneg CD11b+ cells

decreased from 761.3 in the control group to 482.1 in the

intraperitoneal CT group in Fig. 4). Whether this repre-

sents a change in phenotype of the original naive resident

M/, or a depletion of the original resident M/ followed

by influx of a new population with an altered phenotype,

remains to be clarified. Whereas 97% of CD11b+ M/
from mice of the control-treatment group were F4/

80high Gr-1neg, peritoneal M/ from animals of the CT

intraperitoneal-treatment group virtually all became F4/

80dim Gr-1high (data not shown). In contrast to CT intra-

peritoneal treatment, CT administered intravenously did

not affect the recovery of CFSE+ CD11b+ M/ or the pat-

tern of CD11b expression compared with the control

group (Fig. 4).

The absolute numbers of total PC and PC-derived

CD11b+ F4/80+ M/ from mice that received CT and IT,

alone or in combination, intraperitoneally or intrave-

nously, are shown Table 1. While the intraperitoneal IT

induced an increase in total PC number (*P � 0�05) and

the intraperitoneal CT (alone or with IT) induced a

decrease in recovered PC (**P � 0�05), the numbers of

PC-derived CD11b+ F4/80+ M/ were similar for all four

treatment groups and similar for intraperitoneal versus

intravenous treatment.

CD11b+ M/ comprise the major population of
tumour-infiltrating leucocytes

The results presented in Fig. 3a–e show that CT (alone or

in combination with IT) inhibits NK and T-cell function,

but enables M/, in naı̈ve non-tumour-bearing mice, to

remain active and even primed to further stimulation

with IT. In the next series of experiments we investigated

whether CT and IT, alone or in combination, influenced

the phenotype of TAM.

C57BL/6 mice bearing established subcutaneous B16

tumours, received a single intravenous cycle of CT and IT,

alone or in combination, starting on day 8 after tumour
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Figure 4. Route of chemotherapy (CT) and immunotherapy (IT) administration affects macrophage (M/) survival and phenotype. Twenty-four

hours after intraperitoneal implantation of carboxyfluoroscein succinimidyl ester (CFSE)-labelled syngeneic peritoneal cells (PC), C57BL/6 mice

(n = 3 per group) received one cycle of CT (day 1 after PC implantation) or IT (anti-CD40 – day 4 post PC implantation followed by CpG-

ODN on day 7 post PC implantation), alone or in combination, either intraperitoneally or intravenously On day 8 of the experiment, total (both

resident and transplanted) PCs were harvested and tested by flow cytometry for the presence of CFSE+ M/. To distinguish CFSE+ M/ from

other CFSE+ PC, as well as from resident CFSE) M/, the total PC samples were additionally stained with anti-CD11–allophycocyanin. The

numbers indicate the percentage of events in each quadrant. The data shown are representative of three experiments. i.p., intraperitoneal; i.v.,

intravenous.

Table 1. Quantitative changes in splenic leucocyte subsets after treat-

ment with chemotherapy (CT) and/or immunotherapy (IT)

Intraperitoneal Intravenous

Total PC

(·106)

CD11b+

F4/80+

M/ (·106)

Total PC

(·106)

CD11b+

F4/80+

M/ (·106)

Control 4�5 ± 0�32 1�2 ± 0�34 4�6 ± 0�39 1�26 ± 0�35

CT 2�5 ± 0�41 1�3 ± 0�36 3�9 ± 0�31 1�48 ± 0�54

IT 8�7 ± 0�81* 1�2 ± 0�5 5�6 ± 0�42 1�4 ± 0�36

CT + IT 1�8 ± 0�18** 1�3 ± 0�4 3�7 ± 0�32 1�58 ± 0�46

Absolute numbers of total peritoneal cells (PC) and CD11b+ PC

from mice that received CT or IT, alone or in combination, intra-

peritoneally or intravenously, are shown. Results are presented as

mean ± standard error of the mean (SEM) of three mice per treat-

ment group. *P � 0�05; **P � 0�05 compared with the control

group in that column. The data shown are representative of three

experiments.
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implantation. Twenty-four hours after the last treatment

(i.e. on day 15 after tumour implantation), the tumours

were harvested, processed to a single-cell suspension and

tested by flow cytometry for TAM in a pool of tumour-

infiltrating leucocytes (TIL) by counterstaining for CD45

(pan-leucocyte marker) and CD11b (Fig. 5). The results

indicate that CD11b+ TAM are the major leucocyte popu-

lation among CD45+ TIL, and that CD11b+ M/ comprised

89–95% of the total CD45+ TIL in all treatment groups.

The results also suggest that CT + IT treatment results in a

relative increase in the percentage of CD11b+ TAM in the

tumour-derived single cell suspension compared with con-

trol cells, probably via reduction of the total number of B16

tumour cells in the preparation.

In the next experiment we analyzed the phenotype of

TAM within B16 tumours from mice treated with CT,

alone or in combination with IT, or with vehicles alone.

The results suggest that TAM are present in two subsets –

CD11b+ F4/80+ Gr-1bright and CD11b+ F4/80+ Gr-1dim –

and that CT, administered alone or in combination with

IT, and to a lesser degree IT alone, enriches

CD11b+ TAM for the F4/80+ Gr-1bright subset compared

with control treatment (data not shown).

Treatment of mice with CT and IT shifts the TAM
phenotype from M2 to M1

The above studies confirmed results previously obtained

by others10,11,23 of a high prevalence of TAM in growing

tumours. We also demonstrated that most of these

CD11b+ F4/80+ TAM may have a bimodal expression

pattern of Gr-1 (data not shown). The F4/80+ Gr-1bright

phenotypic profile has been associated with MDSCs.24–26

Although in vivo treatment with anti-CD40 plus CpG-

ODN did not result in notable changes of CD11b expres-

sion on the TAM (Fig. 5), we tested whether it would

affect the expression of other surface antigens and cyto-

kines that are characteristic for M/ in general and for

MDSC/TAM in particular.

C57BL/6 mice, bearing established subcutaneous B16

tumours, were treated with two cycles of CT and IT,

alone or in combination, beginning on day 8 after

tumour implantation. Twenty-four hours after the last

treatment, tumours were harvested, processed to a single-

cell suspension and CD11b+ F4/80+ TAM were gated by

flow cytometry and tested for surface expression of CD40,

CD80, CD86, MHC class II antigen, CD124 (IL-4Ra) and

CD274 (B7-H1) and for intracellular expression of IL-10,

IL-4, IFN-c, TNF-a and IL-12p40 (Fig. 6). As shown,

CD11b+ F4/80+ TAM from control mice treated with

vehicle alone expressed the M2 phenotype, in that they

expressed high levels of surface IL-4Ra and B7-H1, and

produced significant amounts of IL-10 and IL-4, but did

not secrete any IFN-c, TNF-a or IL-12. Chemotherapy

resulted in the down-regulation of B7-H1 and in the up-

regulation of IFN-c. Immunotherapy down-regulated the

expression of B7-H1, IL-10 and IL-4, and up-regulated

the expression of CD40, CD80, CD86, MHC class II,

IFN-c, TNF-a and IL-12. When these two therapies were

combined, CD11b+ F4/80+ TAM expressed the highest

levels of CD40, CD80, CD86, MHC class II, IFN-c, TNF-

a and IL-12, and the lowest levels of IL-4Ra, B7-H1 and

IL10, as well as a low level of IL-4. Thus, following the

combination of CT and IT, the phenotype of M/ within

a tumour changed from a suppressive M2 pattern to an

effector M1 pattern. It is possible that this change in phe-

notype, from M2 to M1, for TAM following combined

CT + IT treatment may play a role in the observed syner-

gistic anti-tumour effect (Fig. 1).

Discussion

CT and IT have been considered as potentially antagonis-

tic forms of cancer treatment because of the lymphopenia,

immunosuppression and myelosuppression that can be

induced by many cytotoxic drugs. This paradigm has

been challenged by preclinical and clinical observations

that have demonstrated therapeutic synergy between

certain CT and IT regimens.27–29 Several proposed

mechanisms for CT + IT synergy include increased

tumour antigen cross-presentation,30 partial activation of

antigen-presenting cells31 and their priming to CD40-liga-

tion,32 tumour debulking,33 partial sensitization of

tumour cells to lysis by cytotoxic T cells,34 reduction in

function of negative regulatory cells,35 increased access of

immune cells to tumours after CT36 and others.37,38 In

this study we describe, to our knowledge for the first

Control CT IT

5 33143

CD45

C
D

1b

CT + IT

Figure 5. CD11b+ macrophage (M/) comprise the major population

of CD45+ tumour-infiltrating leucocytes (TIL) in B16 tumours.

C57BL/6 mice [n = 3 for control, chemotherapy (CT) and immuno-

therapy (IT) treatment groups, n = 6 for the CT + IT treatment

group] were injected subcutaneously with B16 cells (day 0). Mice

were treated with one cycle of CT (day 8) or IT (anti-CD40 on day

11, CpG on day 14), alone or in combination. On day 15 after

tumour implantation, the tumours were harvested, processed to a

single-cell suspension, and viable cells were studied by flow cytome-

try for the prevalence of CD45+ (pan-leucocyte marker)/CD11b+

(pan-M/ marker) cells. The numbers in the right upper quadrants

represent the percentage of CD45+ CD11b+ M/ (gate) in the pool of

total (tumour cells + non-tumour stromal cells + TIL) viable cells.

Of the total CD45+ TILs, CD11b+ cells comprised 89% in the con-

trol group, 95% in the CT-treatment group, 91% in the IT-treatment

group and 94% in the CT + IT-treatment group.
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time, a different mechanism of synergy between multi-

drug CT and IT that is based on TAM activation and

their partial repolarization from M/ with an M2 tumour-

promoting phenotype into M/ with an M1 anti-tumour

effector phenotype.

The VCD-CT regimen is used frequently in combina-

tion with other drugs for the treatment of patients with

solid and haematological malignancies. Considerable

myelosuppression, neutropenia, lymphopenia and thrombo-

cytopenia are among the most frequent side effects of this

protocol. Consistent with the results of clinical reports, in

our experiments a single cycle of CT resulted in some

anti-tumour effects and lymphopenia with overall redis-

tribution of major subsets of immune cells in the spleen.

This CT regimen also compromised the ability of splenic

T cells and NK cells to respond to stimulation via CD3

or IL-2 receptors, respectively, at least within the first

7–8 days after a single cycle of CT treatment. Taking into

consideration that M/ are more resistant than lympho-

cytes to the lethal effects of certain CT,22,39 we decided to

combine CT with IT with the hope of stimulating M/ to

induce an anti-tumour effect that would augment the

anti-tumour activity of the CT. In our recent preclinical

studies of IT we found that treatment with anti-CD40

and CpG-ODN induced strong activation of M/ that

were capable of killing tumour cells in vitro as well as

mediating anti-tumour effects in vivo in the absence of T

cells and/or NK cells.8,9 In this study, functional in vitro

tests revealed that a cycle of treatment with anti-

CD40 and CpG-ODN was not able to restore the CT-

induced suppressed responses of T cells or NK cells. In

contrast to T cells and NK cells, peritoneal M/ from CT-

treated mice became primed to both anti-CD40 and

CpG-ODN stimulation in vivo and to LPS stimulation in

vitro, as measured by secretion of NO, IL-12 and IFN-c.

This M/ activation was associated with the statistically

significant increase in the number of CD11b+ splenic M/
in CT + IT-treated mice. In vivo, combined administra-

tion of CT with IT resulted in synergistic anti-tumour

effects against the B16 and 9464D tumours, especially

when animals received two versus just one cycle of

CT + IT. In a separate study, using an intraperitoneal

B16 model, we found that the anti-tumour effect of

cyclophosphamide + anti-CD40 + CpG-ODN IT was

reduced by M/ depletion with clodronate-containing

liposomes, identifying M/ as in vivo anti-tumour effector

cells (data not shown).

In experiments where CT and/or IT treatments were

administered intraperitoneally, we investigated whether

peritoneal M/, unlike the splenic immune effectors,

might be exposed to very high concentrations of either

CT drugs or anti-CD40 and CpG-ODN following

intraperitoneal injection, which might affect their overall

viability or function. To address this, naı̈ve animals were

transplanted with syngeneic CFSE-labelled PC and then

treated with CT and IT, alone or in combination, with

the treatments administered either intraperitoneally or

intravenously. PC samples from the group treated intra-
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Figure 6. Chemotherapy (CT) and immunotherapy (IT) alter the phenotype and cytokine profile of tumour-associated macrophages (TAM).

C57BL/6 mice (n = 3 for control, CT- and IT-treatment groups; n = 6 for the CT + IT-treatment group) bearing established subcutaneous B16

tumours were treated with two cycles of CT or IT, alone or in combination, as described in Fig. 1(c,d). One day after the last treatment [the sec-

ond phosphate-buffered saline (PBS) injection for the CT-treatment group, or CpG-ODN for the IT- and the CT + IT-treatment groups], the

mice were killed and the tumours were harvested and processed to a single-cell suspension. Tumour-associated cells were gated on CD11b+ F4/

80+ macrophages (M/) and analyzed by flow cytometry for expression of various surface antigens and intracellular cytokines (open histograms)

as compared with isotype controls (shaded histograms). The mean fluorescence intensity (MFI) ratios (numbers in histograms) were computed

as described in the Materials and methods. Data are representative of two separate experiments, with similar results obtained on each occasion.
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peritoneally with CT contained no CFSE-labelled donor

cells [neither CD11b+ PC (M/) nor CD11b) PC]. This

suggested that local (intraperitoneal) CT administration

was toxic for the mature CFSE+ donor M/, resulting in

their apoptosis. Interestingly, 1 day (data not shown) and

even 8 days (Table 1 and Fig. 4) after a single cycle of

intraperitoneal treatment, PC samples from the mice trea-

ted intraperitoneally with CT still retained relatively nor-

mal numbers of endogenous cells, the majority of which

were CD11bdim F4/80dim GR-1bright. This suggests that the

CT administered intraperitoneally may be directly toxic

to the mature CD11b+ M/ (both from the donor and

from the host), and that by the time the PCs are har-

vested, a new population of host bone marrow-derived

CD11bdim M/ responsive to IT has repopulated the peri-

toneum. In contrast to intraperitoneal CT, intraperitoneal

administration of anti-CD40 plus CpG-ODN did not

affect the viability of CFSE+ PC, which were readily iden-

tifiable in the pool of total PC. Indeed, in our previous

studies, when naı̈ve adherent M/ were exposed in vitro to

anti-CD40 plus LPS or CpG-ODN, a sustained M/
activation of both secretory and cytotoxic function was

documented.8,40,41 Either treatment (CT or IT), used

alone or in combination but administered intravenously,

did not affect donor M/ viability in the peritoneum, as

transplanted CFSE+ M/ were easily detectable in samples

of total PC.

Following CT, IT or CT + IT treatment, we noted the

expansion of a group of PC that express intermediate

amounts of CD11b (Fig. 4), which are otherwise infre-

quent in the pool of PC cells from control mice. These

CD11bdim PC were also F4/80dim Gr-1bright (compared

with M/ from control-treated mice), thereby expressing

an ‘immature’ phenotype. Some CD11bbright F4/80bright

cells in samples of PC from IT groups treated intraperito-

neally, CT groups treated intravenously, IT groups treated

intravenously and CT + IT groups treated intravenously,

also expressed Gr-1 (data not shown). Whereas

CD11bdim F4/80dim Gr-1bright PC cells could be immature

myeloid cells that have recently migrated into the perito-

neal cavity (and probably, into other compartments) from

the bone marrow, the CD11bbright F4/80bright Gr-1bright

cells could be mature, resident peritoneal M/ that were

induced by the treatments to express Gr-1. Indeed, IT,

when administered intraperitoneally, caused slight down-

regulation of F4/80 and considerable up-regulation of

Gr-1 on virtually all naı̈ve M/ that possessed a classical

‘mature’ phenotype (CD11bbright F4/80bright Gr-1neg)

before implantation, and which retained that phenotype

in animals that received control treatment (data not

shown). Whereas down-regulation of F4/80 on mature

M/ is known to be associated with the state of activa-

tion42–44 and involves IFN-c, TNF-a and other cytokines,

the phenomenon of induced expression of Gr-1 on

mature M/ merits additional analysis.

It has previously been suggested that the RB6-8C5 clone

of anti-Gr-1 may cross-react with two distinct members

of the Ly6 family of proteins, namely Ly6C and Ly6G

(Gr-1).45,46 Thus, we retested the IT treatment-induced

Gr-1 expression of previously Gr-1-negative CD11b+ F4/

80+ peritoneal M/ by using a Ly6G-specific mAb, clone

1A8, and a Ly6C-specific mAb, clone HK1.4, and found

that the majority (�85%) of CD11b+ F4/80+ M/
expressed Ly6G (Gr-1), whereas up-regulated expression

of Ly6C was found only on 15–25% of IT-stimulated

CD11b+ F4/80+ M/. Importantly, Ly6G and Ly6C were

co-expressed on anti-CD40 + CpG-ODN-stimulated PC

M/. Very little Ly6G and Ly6C were expressed on

CD11b+ F4/80+ M/ from the control group (I.N.

Buhtoiarov, unpublished observations). As for the mecha-

nisms accounting for Gr-1 up-regulation, it was reported

that Ly6C+ Gr-1+ CD11b+ M/ can be generated in vitro

by culturing the lineage phenotype-negative, c-kit-positive

haematopoietic progenitor cells in the presence of granu-

locyte–macrophage colony-stimulating factor (GM-CSF),

stem-cell factor (SCF) and IFN-c.47 Thus, it might be

possible that CT and/or IT induced some of these factors,

which alone or in combination could alter Ly6G/Ly6C

expression on naı̈ve M/ in vivo. This last concept might

be consistent with our inability to induce Gr-1 expression

on adhesion-purified CD11b+ F4/80+ Gr-1neg naı̈ve M/
by stimulating them with anti-CD40 plus CpG-ODN in

vitro (data not shown), which may reflect a necessity for

exogenous (i.e. not M/-derived) factors to facilitate the

process of this phenotypic change.

When analyzing TAM, we found that, at least in subcu-

taneous B16 tumours, CD11b+ M/ comprise the over-

whelming majority of total CD45+ TIL, and that both CT

and IT treatments enrich tumours for these CD11b+ cells.

CD11b+ TAM in the tumour were present in two differ-

ent subsets: F4/80+ Gr-1bright and F4/80+Gr-1dim (data not

shown). The pattern of F4/80 and Gr-1 co-expression by

CD11b+ TAM strikingly resembled the phenotypic distri-

bution of naı̈ve splenic CD11b+ M/, with a slight differ-

ence in the prevalence of these subsets. In both

compartments (tumour and spleen), the therapies

increased the percentage of the CD11b+ F4/80+ Gr-1bright

subset and decreased the percentage of the CD11b+ F4/

80+ Gr-1dim subset, without significant alteration of

CD11b expression. Whether this effect was caused by the

selective depletion of CD11b+ F4/80+ Gr-1dim M/, or the

up-regulation of Gr-1 on this subset, remains unclear.

Given the observation that the number of CD11b+ F4/80+

M/ increased in the spleens of CT+IT treated mice, it

seems likely that Gr-1 is up-regulated on previously

CD11b+ F4/80+ Gr-1dim M/ by the CT + IT treatment.

CD11b+ F4/80+ TAM from control-treated tumour-

bearing mice expressed IL-4Ra, B7-H1 and high amounts

of IL-10 and IL-4. Whereas tumour-associated

CD11b+ F4/80+ M/ were represented by two distinct sub-
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sets, only MHC class II, IL-10 and IL-4 expression

showed a bimodal pattern of distribution, with the rest of

the antigens examined (Fig 6) being expressed more uni-

formly. CT combined with IT caused a marked decrease

in expression of suppressor M/-associated surface anti-

gens (IL-4Ra and B7-H1) and cytokines (IL-4 and IL-10),

and in parallel augmented the expression of CD40, CD80,

CD86, MHC class II, IFN-c, TNF-a and IL-12. Hence,

after two consecutive cycles of CT + IT, CD11b+ M/
were repolarized (at least partially) from the M2 into the

M1 functional phenotype. These results also suggest that

changes in expression of ‘signature’ phenotype antigens,

such as CD11b, F4/80 and Gr-1, may have limited predic-

tive value, as patterns of alterations of their expression

did not prognostically correlate with changes of

expression of other tested surface antigens or intracellular

cytokines.

Whereas several mechanisms of synergy between CT

and IT have been proposed, the mechanism of synergy

between VCD-CT and IT with anti-CD40 and CpG-ODN

remains uncharacterized and probably involves several

components. CT-induced leucopenia is associated with

the production of endogenous granulocyte colony-stimu-

lating factor (G-CSF), GM-CSF and several other proin-

flammatory cytokines, including IL-12;36,48,49 these might

facilitate the mobilization and migration of immature

myeloid cells from the bone marrow, and alter the pheno-

type of the resident mature M/ in different compart-

ments and their priming to the subsequent CD40 and

TLR9 stimulation via endogenous/autocrine IFN-c pro-

duction.8,41 Even M/ with an ‘immature’ CD11dim

F4/80dim Gr-1bright phenotype that appeared to have

recently migrated into the peritoneum following intra-

peritoneal CT treatment were found to be able to respond

to CD40/TLR9 stimulation in vivo and to LPS in vitro.

Previously published reports suggest that CT may syn-

ergize with IT via the selective depletion of Gr-1+ sup-

pressor cells.50 Whereas this mechanism may be involved

in augmenting T-cell-mediated anti-tumour effects, it

seems less important in facilitating T-cell-independent

mechanisms of tumour destruction, such as those induced

by anti-CD40 plus CpG-ODN IT.8 Indeed, we did not

observe any augmented anti-tumour effects of anti-CD40

plus CpG-ODN IT in B16 melanoma-bearing mice that

received concomitant treatment with anti-Gr-1 (RB6-8C5

clone) mAb to deplete Gr-1+ cells.8 It is likely that the

cytotoxic mechanisms utilized by myeloid suppressor

Gr-1+ cells to suppress T-cell immunity,51,52 such as NO

and IFN-c, can also be involved in tumour cell destruc-

tion, especially when tumours are weakly immunogenic

and cytotoxic T-cell-mediated mechanisms are not elic-

ited. In agreement with that, we previously showed that

the anti-tumour effects of anti-CD40-activated M/ do

not require T cells and involve IFN-c41 and NO.21 The

results of this study further demonstrate that clinically

relevant, multidrug CT, although immunosuppressive for

T cells and NK cells, can synergize with M/-activating IT

via the repolarization of TAM and the induction of M/-

mediated anti-tumour effects.
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