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Abstract:

2,4,6-Trinitrophenyl (TNP) hapten-labeled peritoneal macrophages (Mf) given intravenously (iv) to recipients are poor inducers of

contact sensitivity (CS) reactions unless Mf donors are pretreated with low doses of cyclophosphamide (CY). In vivo CY is con-

verted into active alkylating metabolites, phosphoramide mustard (PM) and acrolein (ACR).

Our experiments aimed to test how in vitro treatment of non-immunogenic Mf with different concentrations (10�� to 10�� M) of CY

metabolites will influence their immunogenicity and other biological functions. Instead of chemically unstable PM, we used struc-

turally and functionally similar nitrogen mustard (NM).

Our experiments show that treatment of Mf with ACR or NM stimulates the in vitro production of pro-inflammatory IL-6 and IL-12

and down-regulates anti-inflammatory IL-10 and TGF-� cytokines. In vivo non-immunogenic TNP-Mf become capable of inducing

CS reactions in two situations: first, after treatment with NM or ACR and second, when cell recipients are received iv before Mf

transfer of monoclonal antibodies against IL-10 and/or TGF-� (500 µg per animal). Treatment with NM, but not with ACR, was also

an efficient stimulus for production by Mf of significantly increased levels of reactive oxygen intermediates (ROIs).

In summary, our experiments show that CY metabolites can significantly increase the specific immune response as well as non-

specific innate reaction (ROIs production) and support the notion that CY and its metabolites can be a promising accessory tool when

upregulation of the immune response is desired.
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mustard, ROIs – reactive oxygen intermediates, TNBSA –

2,4,6-trinitrobenzene sulfonic acid, TNP – 2,4,6-trinitrophenyl,

Treg – T regulatory cells

Introduction

Cyclophosphamide (CY), an alkylating compound, is

commonly used as a cytoreductive agent in the treat-

ment of cancer because of its ability to interfere with

DNA synthesis and its pharmacological action on di-
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viding cells [2]. Its action is, however, more complex

since it also exerts a strong influence on the immune

system. In animal models, low doses of CY adminis-

tered at the time of exposure to antigen do not sup-

press, but rather enhance, both humoral and cell-

mediated immune responses [12, 15, 29], presumably

by a selective influence on regulatory CD4+, CD25+

or CD8+ T cells [5, 13, 14, 27] or on natural killer T

(NKT) cells [12]. Some data suggest that CY en-

hances cytotoxic CD8+ T cell-mediated antitumor im-

munity [26]. It was also demonstrated that low doses

of CY in vivo change the activity of macrophages

(Mf) in antigen presentation, in both the effector

phase of cell-mediated immune responses and in

non-specific host defenses [7, 27, 28].

Application of a hapten to the skin is a classical

way to immunize mice for contact sensitivity (CS) re-

actions. A similar effect can be produced by subcuta-

neous injection of hapten-substituted Mf [4]. When

those Mf are given intravenously, they produce long-

lasting unresponsiveness mediated by antigen-specific

CD8+ suppressor T (Ts) cells, but become immuno-

genic when cell donors are treated with CY [27]. As

we demonstrated previously, peritoneal Mf consist of

two cell populations which differ functionally and

morphologically [19, 27]. When derivatized with

TNP, one minority population of cells (approximately

10%) is immunogenic and induces Th1 effector cells

to promote a CS reaction in recipients, while the other

population (90%) triggers Treg CD8+ cells that inhibit

CS. The inhibitory activity prevails and is highly sen-

sitive to the in vivo action of CY [27]. How CY dis-

criminates between these two Mf populations is not

clear at present. CY is inactive in vitro by itself, and is

converted in vivo into two ultimately biologically ac-

tive alkylating metabolites: phosphoramide mustard

(PM) and acrolein (ACR) [7, 9, 10, 25]. Since the fi-

nal effect of CY treatment in vivo depends on the ac-

tivity of these two different metabolites, it was of in-

terest to test their influences on the biological activity

of peritoneal macrophages separately. We have used

Mf isolated from mice treated in vivo with low doses

of CY, as well as macrophages from normal mice

treated in vitro with the metabolic products of CY. In-

stead of highly unstable phosphoramide mustard

(PM), we used nitrogen mustard (NM, mechloreta-

mine) which is structurally and functionally related to

PM, previously shown by us in vitro and in vivo to

have the same activity as CY [7]. Our experiments

show that both metabolites, NM and ACR, show

overlapping activities when macrophages are used as

antigen-presenting cells, but differ in influence on

other important functions of these cells.

Materials and Methods

Animals

Eight- to 10-week-old inbred male CBA/J mice from

the Department of Immunology, College of Medicine,

Jagiellonian University, Kraków, Poland were used.

Mice were fed autoclaved food and water. All experi-

ments were conducted according to guidelines of Ani-

mal Use and Care Committee of Jagiellonian Univer-

sity College of Medicine (73/OP/2004).

Reagents

The following reagents were used: cyclophosphamide

(CY), acrolein (ACR), nitrogen mustard (NM), lu-

minol sodium salt (3-aminophthalhydrazide), zymo-

san A, hydrogen peroxide, heparin sodium salt,

o-phenylenediamine, recombinant murine TNF-� (all

from Sigma, St. Louis, MO); RPMI 1640, fetal calf

serum (FCS) (Gibco Life Technologies, Grand Island,

NY); 2,4,6-trinitrobenzene sulfonic acid (TNBSA) (East-

man Kodak, Rochester, NY); twice recrystallized pi-

cryl chloride [2,4,6-trinitrophenyl (TNP) chloride,

PCL] (Chemica Alta, Edmonton, Alberta, Canada); re-

combinant mouse IL-6 (PeproTech, Rocky Hill, NY);

recombinant TGF-� (BD Pharmingen, San Diego,

CA); recombinant murine IL-12 (Genzyme, Cambridge,

MA); paraffin oil Marcol 152 (Exxon Corp. Hutson

TX); horseradish peroxidase, streptavidin (Vector

Laboratories, Burlingame, CA; granulated milk (Mar-

vel, Chivers Ltd., Coolock, Ireland).

Antibodies

Rat anti-mouse IL-6 monoclonal antibody (mAb)

(MP5-20F3), biotinylated rat anti-mouse IL-6 mAb

(MP5-32C11), rat anti-mouse IL-12 mAb (C15.6), rat

anti-mouse TNF-� mAb (G281-2626), biotinylated

rat anti-mouse TNF-� mAb (MP6-XT3), rat anti-

mouse TGF-�1 mAb (A75-2.1) biotinylated anti-

mouse, anti-human and anti-pig TGF-�1 antibodies
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(A75-3.1), IL-10 OptEIATM ELISA Set (all from BD

PharMingen, San Diego, CA); and biotinylated rat

anti-mouse IL-12 mAb (C17.8) (Endogen, Woburn,

MA); purified rat-anti-mouse TGF-� mAb (clone HB

9849; kindly provided by Yale University) (CT, USA).

Isolation of peritoneal oil-induced macrophages

Peritoneal exudate cells (hereafter termed macro-

phages, Mf) were collected from the peritoneal cavi-

ties of mice that, 4 days earlier, were injected intrape-

ritoneally (ip) with 1 ml of Marcol 152 mineral oil af-

ter washing out with 5 ml of Dulbecco phosphate

buffered saline (DPBS) containing 5 U heparin/ml.

Four to six mice were used in each group for macro-

phage donation. The mice were injected intravenously

(iv) one day before the cell harvest with cyclophos-

phamide (CY) in the following doses: 20, 50, 100 or

200 mg/kg of body weight. Oil-induced peritoneal

cells contained over 90% Mf (Fc�R+ and esterase+

cells) and were not purified further [8].

TNP-derivatization of Mf and treatment with NM

or ACR

Oil-induced peritoneal Mf from normal or CY-treated

CBA/J mice were labeled with 10 mM TNBSA in

PBS as described previously [4, 27] and washed ex-

tensively with DPBS supplemented with 2% FCS.

One × 107 TNP-Mf from normal mice were incubated

additionally for 40 min in 1 ml of DPBS containing

different concentrations (10–5, 10–6, 10–7M) of NM or

ACR. In some experiments, Mf were incubated simul-

taneously with both metabolites. All manipulations,

including TNP-labeling, NM and ACR incubations

and cell washings, were performed at 0°C. Cell viabil-

ity was assessed via the trypan blue exclusion test,

which exceeded 95%, except when higher concentra-

tions (1 × 10–5) of NM or ACR were used (60–70%

viability). The viability of NM or ACR-treated Mf re-

mained at this same level after a 24 h incubation of

cells at 37°C in RPMI 1640 medium supplemented

with 5% FCS.

Induction of contact sensitivity by TNP-derivatized

Mf and its measurement

CBA/J mice were injected iv with 1 × 106 TNP-conju-

gated Mf that were either untreated or were treated

with NM or ACR in 0.2 ml of DPBS. Seven days

later, ear thickness was measured with a digital engi-

neer’s micrometer (Mitutoyo, Tokyo, Japan) before

the application of 10 µL of 0.4% PCL solution in

a mixture of acetone and olive oil (1:1) to both sides

of the ears [4, 8, 18]. The increment of ear thickness

was measured 24 h later and expressed in units of

10–2 mm ± SD. In each experiment, a separate group

of non-immune controls was challenged simultane-

ously with hapten and their resulting 24 h ear swelling

responses were subtracted from that of the immunized

group to obtain the net increase. In some experiments,

TNP-Mf were injected into animals that simultane-

ously received iv 500 µg of either anti-IL-10 or anti-

TGF-� mAbs per animal, or both, and measurements

were performed as above.

Luminol-dependent chemiluminescence

Mf were distributed in 96-well flat bottom dark plates

(Nunc, Roskilde, Denmark) at a concentration of 5 × 105

viable cells/well in 0.2 ml RPMI 1640 medium sup-

plemented with 10% FCS. Luminol was then added

and cells were incubated for 15 min at 37°C in dark

adaptation. Some groups of Mf were stimulated with

zymosan opsonized with mouse serum (in 10 particles

per cell ratio), plates were immediately transferred to

a Lucy 1 luminometer (Anthos, Salzburg, Austria) and

the photon emission was measured for 75 to 100 min

[22]. Each experiment was run in duplicate.

Cytokine immunoassay

Mf were cultured in 24-flat bottom plates at a concen-

tration of 5 × 105/ml in RPMI 1640 medium supple-

mented with 5% FCS for 24 to 48 h in 5% CO2 at

37°C. Supernatants for TNF-� and IL-6 estimations

were collected after 24 h and for IL-10, IL-12 and

TGF-� after 48 h, and were frozen at –80°C until fur-

ther use. Concentrations of IL-6, IL-12, TNF-�,

TGF-�, were measured in capture ELISA tests, using

96-well flat Corning Easy Wash plates (Corning,

Corning, NY). The concentration of IL-10 was deter-

mined by using the IL-10 OptEIATM ELISA kit as

recommended by the manufacturer. The details of the

procedure were published previously [6, 8]. The opti-

cal density of each well was measured at 492 nm in

96-well plate reader and concentrations of cytokines

were read from a standard curve. Recombinants of

murine cytokines were used as standards. The sensi-

tivity of the ELISA tests is as follows: IL-6, 15 pg/ml;
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IL-10, 15 pg/ml; IL-12 p40, 15 pg/ml; TNF-�, 10 pg/ml;

TGF-�, 30 pg/ml.

Statistical analysis

All experiments were carried out two to four times.

An Analysis of Variance (ANOVA test) (a posteriori

Bonferroni test) was used to assess the significance of

differences between groups.

Results

Cyclophosphamide in vivo and its metabolic

products in vitro make hapten-substituted Mf

immunogenic for the induction of contact

sensitivity reactions

Mice injected iv with 1 × 106 TNP-substituted Mf do

not develop a contact sensitivity reaction (CS) after

a challenge with antigen (Tab. 1, Group A). In con-

trast, iv immunization with TNP-Mf from donors pre-

treated 1 day before cell harvesting with 20 mg/kg CY

(Group B) (TNP-Mf-CY) or with normal cells treated

in vitro with acrolein (TNP-Mf-ACR) or nitrogen

mustard (TNP-Mf-NM), or both metabolites (Groups

C, D and E) leads to a significant CS reaction.

Production of cytokines by control Mf or Mf

from animals treated in vivo with CY or Mf

treated in vitro by its metabolites

Control Mf or Mf from CY-treated animals (50 mg/kg)

or Mf incubated in vitro with ACR (10–7 M) or NM

(10–6 M) were cultured for 24 or 48 h in RPMI 1640

medium and the production of five different cytokines

was measured in the resultant supernatants by ELISA.

These results are shown in Table 2. Mf from CY-

treated animals (Group B) and Mf treated in vitro with

NM (Group D) showed an increased production of

pro-inflammatory IL-6 and IL-12, and a decreased

production of anti-inflammatory IL-10 and TGF-� cy-

tokines compared to the control group (Group A). Mf

treated with ACR (Group C) manufactured more IL-6

and less TGF-� than control cells (Group A), but the

production of IL-12 remained unchanged. Treatment

with CY or its derivatives did not influence TNF-�

production except in Group B, where it was some-

what lower than in the control group.

Low immunogenicity of TNP-Mf in vivo can be

reversed by administration of anti-IL-10 and/or

anti-TGF-� mAbs

Since inefficient immunogenicity of control TNP-Mf

as compared with CY-treated cells may be due to the

different cytokine sets that they produce, we injected

�����������	��� 
������ ����� ��� ������� 553

Cyclophosphamide metabolites regulate macrophage functions
��������� 	��
����� �� ���

Tab. 1. Immunogenicity of oil-induced peritoneal Mf treated in vivo

with cyclophosphamide (CY) or in vitro with acrolein (ACR) or nitro-
gen mustard (NM)

Group CS response
[U � 10�� mm] ± SD

A TNP-Mf 0.2 ± 0.84

B TNP-Mf-CY 4.8 ± 0.68

C TNP-Mf-ACR 5.3 ± 1.12

D TNP-Mf-NM 5.2 ± 0.66

E TNP-Mf-ACR&NM 5.5 ± 0.90

The following abbreviations were used: TNP-Mf – TNP substituted Mf
from control animals; TNP-Mf-CY – Mf from animals treated with CY
(50 mg/kg); TNP-Mf-ACR – normal Mf treated in vitro with 10��M ACR;
TNP-Mf-NM – normal Mf treated in vitro with 10�� M NM; TNP-Mf-
ACR-NM – Mf treated with both metabolites. CBA/J mice were in-
jected iv with 1 � 10� TNP-substituted Mf. Seven days after TNP-Mf in-
jection, animals were tested for CS reaction (see Materials and Meth-
ods) which is expressed in units � 10�� mm ± SD. The negative val-
ues (ear swelling in control, non-immunized mice) were subtracted
from experimental values. The statistical significance (a posteriori
Bonferroni test): Group A vs. Groups B, C, D, E, p < 0,001. Each
group consisted of five mice

Tab. 2. Cytokine production by macrophages (Mf) from naïve mice or
animals treated with cyclophosphamide (CY) in vivo or acrolein (Mf-
ACR) or nitrogen mustard (Mf-NM) in vitro

Cell cultured Cytokine production [pg/ml]

TNF-� IL-6 IL-10 IL-12 TGF-�

A Mf 250 ± 5 283 ± 7 61 ± 3 213 ± 3 109 ± 2

B Mf-CY

[50 mg/kg]

182 ± 4 467 ± 4 22 ± 4 455 ± 14 50 ± 4

C Mf-ACR

[10�� M]

287 ± 21 982 ± 25 33 ± 2 167 ± 10 33 ± 3

D Mf-NM

[10�� M]

245 ± 30 1500 ± 100 47 ± 4 460 ± 28 59 ± 17

Five � 10�control Mf or cells from cyclophosphamide-treated animals
(Mf-CY) or Mf treated with acrolein (Mf-ACR) or nitrogen mustard
(Mf-NM) in vitro (for details see Materials and Methods) were cultured
in 1 ml of RPMI 1640 medium supplemented with 5% FCS for 24 h
(TNF-�) and IL-6 or 48 h (others cytokines) and concentrations of cy-
tokines were measured by ELISA assays. Table 2 shows the results
of one representative experiment out of three as the mean of three es-
timations ± SD



these cells into recipients that simultaneously re-

ceived an iv injection of 500 µg of anti-IL-10, anti-

TGF-� or a mixture of both antibodies. The CS reac-

tion was measured 7 days later. Table 3 shows that

TNP-Mf were non-immunogenic (Group A), while

animals treated with anti-IL-10 alone (Group B) or to-

gether with anti-TGF-� (Group D) produced a signifi-

cant CS reaction. Anti-TGF-� alone (Group C) some-

what increased the level of the CS reaction, but to

a significantly lesser extent than anti-IL-10 mAb.

Production of reactive oxygen intermediates

(ROI) by Mf-CY or macrophages treated with

low doses of ACR or NM

We used the luminol-dependent chemiluminescence

as a measure of activity in Mf stimulated by opson-

ized zymosan particles. Figure 1 shows that Mf from

animals treated with 20 or 50 mg/kg of CY produce

a significantly increased level of ROI, while a dose of

100 mg/kg was without effect and 200 mg/kg dimin-

ished the production of ROI below the control level.

A marked increase of ROI production was induced by

incubation of Mf in low concentrations of NM (10–7

or 10–6 M), while 10–5 M had a slightly inhibitory effect,

(only 10–7 M results are shown in Fig. 1). ACR at

concentrations of 10–7 or 10–6 M had no effect when

compared with control Mf, whereas 10–5 M was in-

hibitory. These results were confirmed in three suc-

cessive experiments.

Discussion

For CY to be active in vivo, it has to be metabolically

bioactivated into two highly reactive alkylating agents

– ��-unsaturated aldehyde acrolein (ACR) and phos-

phoramide mustard (PM) [9, 10, 25]. Both metabo-

lites bind covalently and unselectively to a variety of

cytoplasmic and cell surface proteins, affecting vari-

ous cell signaling pathways, and with nucleophilic

sites in DNA, directly interacting with many genes

[16, 17]. Gene microarray technology used to esti-

mate the effect of ACR on gene expression in the

A549 human carcinoma cell line has shown that the

activity of over 700 genes was upregulated and almost

300 were downregulated in response to ACR [16]. Al-

though corresponding data for PM are missing, it

most likely shows a similarly versatile activity. Be-

cause of the low stability of PM, we have used the

structurally and functionally similar nitrogen mustard

(NM) for our experiments.

As stressed by many authors, the final effect of CY

metabolites on cell behavior may depend on many

variables, such as their concentration, actual cell me-

tabolism, time of exposure, cell genetic equipment, in

vivo or in vitro situation, etc. [19, 20, 27]. It is thus not

surprising that conflicting results were reported by

authors who used even similar but not identical ex-

perimental protocols. In our experiments, Mf were in-

cubated in vitro with ACR or NM at 0°C for 40 min to

dramatically reduce the possibility of intracellular

penetration. Under such conditions, both metabolites

bound mainly to cell surface proteins and thus could

not directly influence transcription factors and genes

in a non-controlled fashion. Effects observed in our

experiments are mainly, if not solely, due to cell mem-

brane signaling, and for this reason, our model does

not fully represent the in vivo situation after iv ad-

ministration of CY where both metabolites freely

penetrate the cell’s interior.

Our results indicate that CY upregulates not only

the specific immune response by converting non-

immunogenic Mf into antigen-presenting cells but

also positively influences a typical parameter of in-

nate immunity: the production of oxygen radicals.

The question arises as to how treatment with ACR

or NM converts tolerogenic Mf into immunogenic

Mf. One possibility is that these CY metabolites dis-

rupt the function of the Mf subpopulation that induces

Treg cells. Alternatively, they can enhance the activity
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Tab. 3. Tolerance induced by intravenous injection of TNP-Mf can be
reversed by simultaneous administration of anti-IL-10 and/or anti-
TGF-� mAbs

Group Recipients immunized with TNP-Mf
and treated with:

CS response
[U � 10�� mm] ± SD

mAb anti-IL-10 mAb anti-TGF-�

A – – 0.5 ± 0.45

B treated – 5.5 ± 0.89

C – treated 3.8 ± 0.36

D treated treated 6.1 ± 0.31

CBA mice were injected iv with 1 � 10� TNP-substituted Mf (group A).
In group B, mice simultaneously received iv 500 µg of anti-IL-10
mAb, in group C, 500 µg of anti-TGF-� mAb, and in group D, both
mAbs were given. Seven days later, the CS response was measured
(see also Legend to Tab. 1). Statistical significance (a posteriori Bon-
ferroni test): Group A vs. Groups B, C and D, p < 0,001; Group C vs.
Groups B and D, p < 0.02. Each group consisted of five animals



of the Mf subpopulation responsible for the induction

of Th1 cells that mediates CS reaction. Finally, these

two possibilities are not mutually exclusive, and the

increased production of IL-12 and IL-6, and the si-

multaneous decreased production of anti-inflammatory

IL-10 and TGF-� cytokines, make this latter assump-

tion most likely. It is highly unlikely that low concen-

trations of CY metabolites (10–7 and 10–6 M) have

a direct cytotoxic effect on Treg-inducing Mf since

the cell viability of treated cells remained unchanged

during the 24 h culture. Our interpretation is also sup-

ported by the finding that shifting the balance be-

tween pro- and anti-inflammatory cytokines allows

for deliberate manipulation of the outgoing response.

IL-10 and TGF-�, which are anti-inflammatory cyto-

kines, inhibit the activity of Th1 cells and Mf and

down-regulate their function. As shown, our admini-

stration of anti-IL-10 and/or anti-TGF-� mAbs into

animals which received non-immunogenic TNP-Mf

restores their immune potential although to different

degrees. It indicates that the key suppressive cytokine

is IL-10, a finding that is supported by other groups

[11, 20]. In a symmetrical situation, as we have shown

previously, administration of anti-IL-12 antibodies in-

hibits the function of immunogenic TNP-Mf in vivo

[21]. The increased production of IL-12 and IL-6 by

macrophages indicates that the cell surface signal de-

livered by ACR or NM activates the transcription fac-

tor NF-�B required for the release of inflammatory

cytokines [17]. As reported by other groups, ACR,

when allowed free access to the interior of the cell,

can either block or enhance the activity of NF-�B in

alveolar macrophages depending on the design of cell

treatment [16, 17].

In up-regulating the immune function of Mf, ACR

and NM had much the same effect. This was, how-

ever, not the case with regard to the production of

ROIs by these cells. Using low concentrations of me-
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Fig. 1. Influence of in vivo treatment with cyclophos-
phamide (CY) and in vitro treatment with nitrogen
mustard or acrolein on the production of reactive
oxygen intermediates (ROI) by peritoneal Mf.
Production of radical oxygen intermediates (ROI) by
murine peritoneal Mf is dependent upon the dose of
cyclophosphamide (CY) used to treat Mf donors.
The highest activity is observed with doses
20–50 mg/kg. The higher dose of CY (200 mg/kg)
decreases ROI production by Mf in comparison with
control cells (Mf). The low concentrations (10��M) of
nitrogen mustard (NM) used to treat Mf increases
the production of ROI by murine Mf to a similar level
as in vivo treatment of Mf-donors with CY (50 mg/kg).
Treatment with 10�� M of NM was slightly inhibitory
(results not shown). Treatment of Mf with acrolein
(10��–10��M) reduces the secretion of ROI in a dose-
dependent manner in comparison to the control
group (Mf). Zym – zymosan



tabolites, NM was highly stimulatory while ACR did

not induce the formation of oxygen radicals above the

level observed in control Mf (high concentrations of

both metabolites were inhibitory). One possibility is

that the ACR and NM bind to different targets on the

cell surface. NADPH oxidase catalyzing the genera-

tion of ROI is composed of several cytosolic and

membrane-bound proteins which, after the cell re-

ceives a proper signal (e.g. phagocytosis), translocate

to form an active enzyme [23]. We propose a possible

explanation that under our experimental conditions,

ACR, in contrast to NM, does not bind efficiently to

important docking proteins to trigger the increased

production of ROI. Conflicting results regarding ROI

production were also published by other groups.

Some reports describe the inhibitory activity of ACR,

and others indicate an increased production of radi-

cals. In effect, one can conclude that experimental

conditions were the key [1, 16, 17].

Our data show that chemotherapy by CY or its

products may activate the immune system by modu-

lating cytokine networks and activation of Mf. This

may lead to an enhancement of antigen-specific cell

mediated immunity but also to activation of mecha-

nisms of innate immunity mediated by Mf, like the

production of ROI. Additionally, in animal models

derivatives of different mustards led to decreased se-

cretion of IL-10 and TGF-� by tumor cells and to

their elimination [20]. These and other similar experi-

ments in humans support the notion that, at a correct

dosage, CY and its metabolites can be a promising ac-

cessory tool in anti-tumor therapy [3, 24].
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