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Abstract To examine the basis of the immune modula-
tion induced by the anticancer agent doxorubicin
(DOX), the immunophenotype, tumoricidal activity,
cytokine protein and mRNA expression were deter-
mined using peritoneal exudate cells (PEC) from saline-
treated (untreated) and DOX-treated mice. A greater
percentage of PEC from DOX-treated mice than from
untreated mice were adherent to plastic, had character-
istics of granulocytes, and were positive for the NK1.1,
CD11b/Mac-1, and CD3 markers. DOX decreased the
percentage of CD45R/B220+ cells. PEC from DOX-
treated mice had greater tumoricidal potential than
those from untreated mice since IL2, LPS, or IFNc
alone increased the cytolytic activity of PEC from DOX-
treated mice, whereas PEC from untreated mice required
both LPS and IFNc to become cytolytic. DOX treat-
ment modulated the expression of specific cytokines.
Following stimulation in culture, PEC from DOX-
treated mice produced more TNF, IL1, and IFNc than
PEC from untreated mice. DOX treatment increased the
levels of TNF, but not IL1, mRNA and decreased the
levels of IL6 mRNA and protein. These data demon-
strate that a single DOX injection induces specific effects

in PEC and, as a consequence, increases the tumoricidal
potential of cells of the macrophage and natural killer
types.

Keywords Immunomodulation Æ Interleukin Æ
NK Æ TNF Æ Tumoricidal macrophage

Abbreviations Ad Adherent Æ CM Conditioned media Æ
CTL Cytolytic T lymphocyte Æ DOX Doxorubicin Æ FSC
Forward scatter Æ IFNc Interferon c Æ IL Interleukin Æ
LAK Lymphokine-activated killer Æ LGL Large
granulocytic lymphocyte Æ LPS Lipopolysaccharide Æ
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] Æ NAd Nonadherent Æ NK Natural killer cell Æ
PBL Peripheral blood lymphocyte Æ PCR Polymerase
chain reaction Æ PEC Peritoneal exudate cells Æ RT
Reverse transcription Æ SSC Side scatter Æ TNF Tumor
necrosis factor a Æ W Whole

Introduction

The chemotherapeutic drug doxorubicin (DOX) can be
immunomodulatory and stimulate several types of cells
that have tumoricidal activity [3, 17, 34, 37, 38]. Com-
bination therapies of moderate doses of DOX plus
cytokines such as IL2 or tumor necrosis factor a (TNF)
can cure mice with established tumors [10, 12, 18, 22, 25,
40] and the therapeutic effect is dependent upon treat-
ment-induced immunomodulation [26]. The cured mice
have life-long immunity to rechallenge with that tumor
[13, 18, 22, 26]. Experiments examining the efficacy of
these combination therapies in mice that had been sub-
lethally irradiated led to the hypothesis that DOX in the
combination therapy acts both on the tumor to induce
cell lysis which provides a burst of tumor associated
antigens and on the immune system to increase antitu-
mor effector activity and allow the host to overcome
tumor-related anergy [14].

The mechanisms by which DOX directly induces tu-
mor cell lysis have been studied extensively [16]. However,
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even though there is convincing evidence that the
DOX-induced modulation of host antitumor defenses is
necessary for the efficacy of the combination therapies
described above, little is known about the mechanisms
involved. Based on the known essential regulatory roles
of cytokines in all steps of the immune response [29], it
was hypothesized that DOX might be acting by inducing
changes in cytokine expression.

The studies described here were designed to determine
whether the mechanisms of DOX-induced immune
modulations involved changes in cytokines by comparing
the cytokine mRNA and protein levels with immun-
ophenotypes and effector functions of cells from un-
treated mice to those fromDOX-treated mice. The model
chosen was to examine PEC following a single i.p. DOX
(10 mg/kg) injection since we had previously shown [36,
37] using this system that increased biologically active
TNF and IL1 could be detected in the conditioned media
from PEC of DOX-treated mice.

Materials and methods

Animals and cell lines

Female C57BL/6Cr mice were obtained through the National
Cancer Institute Animal Program (Frederick, Md.). Medium for
all single-cell isolates and cell lines was supplemented RPMI-1640
complete culture medium [33]. All cell incubations were per-
formed in a humidified atmosphere at 37�C, 5% CO2. The cul-
tured cell lines used were Mycoplasma-negative (based on testing
with products of Gen-Probe Inc, San Diego, Calif.) and included:
WEHI-164 fibrosarcoma clone 13 variant, which is sensitive to
lysis by TNF, YAC-1 used to assess NK activity, and P815
mastocytoma used to examine both macrophage tumoricidal
activity and the specificity of NK activity.

DOX treatment and isolation of PEC

Fifty mice were injected i.p. on day 0 of each experiment with
10 mg/kg DOX (a generous gift from Adria Labs, Columbus,
Ohio). One hundred and twenty-five control animals (untreated)
were injected i.p. with an equivalent volume of saline. Treated and
control mice were matched by age. On day 7, mice were sacrificed
by cervical dislocation and PEC were harvested in aseptic con-
ditions by peritoneal lavage with 7 ml cold Hanks buffer [35].
Cells were washed once with Hanks buffer, counted, diluted, and
used for further experimentation.

Generation of PEC populations by adherence culture

Following plating (six-well plates, 3.125·106 cells/well, 2 ml/well)
and a 2-h incubation, some of the PEC were separated into cell
populations adherent (Ad) and nonadherent (NAd) to a plastic dish
[4]. Some of the PEC were left unseparated after the 2-h incubation
and were considered the whole cell population (W); this was to
insure that the W population was treated similarly to the Ad and
NAd populations.

Immunofluorescence

Aliquots of 106 cells/sample were incubated on ice for 20 min with
anti-CD3-FITC, anti-NK1.1-PE (PharMingen, San Diego, Calif.),
anti-Mac-1(CD11b)-PE, and anti-Ly5(CD45R/B220)-TC (Caltag,

South San Francisco, Calif.). Anti-CD32/CD16 (Fc Block,
PharMingen) was used to block non-specific Fc receptor binding at
15 ll/sample and respective isotype control antibodies were used to
establish background fluorescence. After labeling, samples were
washed twice in PAB [cold PBS supplemented with 0.1% sodium
azide (Sigma, St. Louis, Mo.) and 0.5% bovine serum albumin
(Boehringer Mannheim, Indianapolis, Ind.)], and resuspended in
2% ultrapure formaldehyde (Polysciences, Inc, Warrington, Pa.) in
PAB. Samples were examined on a FACScan (Becton/Dickinson,
San Jose, Calif.) flow cytometer and analyzed with LYSYS and
WinList software [46, 47, 48].

Morphology

Cytospin preparations of PEC were stained with Wright stain.The
number of granulocytes was determined based on characteristic
morphology and staining when viewed using light microscopy.
Four hundred cells were examined for each sample.

Cytotoxicity tests

The 51Cr release assay was used to assess the cytolytic activity of
PEC. Several phenotypes of cells with cytolytic activity were
examined based on differential responses to stimulation and/or
target cell sensitivity.

NK activity was assessed [37] by contrasting the ability of cells
within the NAd PEC populations to lyse the NK target YAC-1
with their ability to lyse the NK-insensitive target P815 in a 4-h
assay. Following an 18-h incubation of NAd PEC (1.5·105 cells/
well) with IL2 (1,000 U/ml) or without addition of cytokine, the
NAd PEC were either undisturbed (NAd-W) or were separated
into nonadherent cells (NAd-NAd, transferred to new plates) and
adherent cells (NAd-Ad, remained on the plate). 51Cr-radiolabeled
target cells (YAC-1 or P815, 5·103 cells/well) were added to these
effector populations for 4 h and cytotoxicity was evaluated by the
amount of radioactivity released into the supernatant.

Tumoricidal macrophage activity was assessed [27, 37] by the
cytolytic activity of PEC subpopulations against P815 target cells
that are sensitive to lysis by tumoricidal macrophages. Where noted,
stimulants [lipopolysaccharide (LPS)derived from Escherichia coli
strain 0111:B4 (Difco Laboratories, Detroit, Mich.), IL2, interferon
c (IFNc), or combinations thereof] were added for 18 h at the
following concentrations: IL2 at 1,000 U/ml, LPS at 0.01 lg/ml and
IFNc at 4 U/ml. In the 18-h assays, effector cells were incubated
with targets and stimulants simultaneously for 18 h. In the 36-h
assay, PEC were incubated with stimulants for 18 h, and the target
cells were added for an additional 18 h. The 51Cr released into the
supernatant by cell lysis was determined by c counting.

Measurement of cytokine mRNA and cytokine protein

Reverse transcription/polymerase chain reaction (RT/PCR) assays
were chosen for quantification of selected cytokine mRNA levels
because these assays require less RNA than other methods (e.g.,
northern blot, ribonuclease protection). It was known both that (a)
PEC contain little RNA compared with that present in cultured
cell lines [5] and (b) cytokine mRNAs are relatively nonabundant
[2, 9]. Cytokine protein levels were determined using both bioac-
tivity assays, which measure only active (not inactive) cytokine
protein, and ELISAs, which measure total antibody-reactive pro-
tein. This distinction is especially important for proteins such as
IL1b, which require post-translational processing for activity;
antibody-reactive IL1b, such as would be detected by ELISA, is
not necessarily active protein. For each bioactivity assay, control
assays demonstrated that addition of an antiserum to the cytokine
of interest ablated the activity.
Quantification of cytokine mRNA by RT/PCR RNA was ex-
tracted from W, Ad, and NAd PEC following the 2-h initial
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incubation and after the further 24-h incubation in the absence or
presence of 0.01, 1.0, or 100 lg/ml LPS; the level of each specific
cytokine mRNA was determined by quantitative RT/PCR devel-
oped specifically for this purpose [4]. Briefly, a known amount of a
standard RNA was combined with cellular (e.g., PEC) RNA and
subjected to RT/PCR. The standard RNA for each cytokine had
been engineered to contain a single point mutation that produces a
unique SmaI restriction enzyme site utilized to identify the product
produced from the standard RNA. Since the standard RNA
competes with the cellular mRNA of interest for the reagents of the
RT/PCR reaction, the relative proportion of the products arising
from the cellular RNA to those arising from the known amount of
standard mRNA is used to quantify the amount of cellular cyto-
kine mRNA present [4]. Any influence of differences in RNA
recovery between samples was eliminated by normalizing to the
yield of a parallel sample ‘‘spiked’’ with 3H-RNA [5].

Cytokine protein assays

Conditioned media (CM) samples were collected from the incu-
bations of W, Ad, and NAd PEC after the further 24-h incubation
in the absence or presence of 0.01, 1.0, or 100 lg/ml LPS. Cytokine
protein levels were determined using assays based on activity and/
or on antibody reactivity (i.e. ELISA).
TNF bioactivity The amount of bioactive TNF in CM was quan-
titated based on TNF-induced lysis of WEHI 164 (clone 13) cells as
determined by staining the viable (i.e., those with active mito-
chondria) cells with MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide] [43]. WEHI 164 cells (5·103) were
aliquoted into each well of a 96-well plate, and several dilutions of
either known amounts of recombinant TNF, to be used as a stan-
dard, or of the sample to be tested for TNF activity were added and
incubated (for a total of 72 h, 200 ll final volume). Cell lysis was
assessed by staining with MTT for the last 5 h and the percentage of
specific lysis was calculated. The amount of TNF in the unknown
sample was determined by comparison to the standard TNF curve.
Parallel experiments in which cell number was assessed via uptake of
3H-thymidine by viable cells [15, 44], instead of by mitochondrial
dehydrogenase conversion of MTT to the colored formazan prod-
uct, gave similar results. Murine recombinant TNF, used as a
standard, and neutralizing monoclonal anti-murine TNF antibody,
used to verify that the activity resulted from TNF, were generously
provided by Asahi Chemical Industry Co. (Tokyo, Japan).
IL1 Bioactive IL1 in CM samples was measured based on the
stimulation of proliferation of murine thymocytes in a standard co-
mitogenic assay [15, 24, 37]. C57BL/6 mouse thymocytes (7.5·103/
well, 96 well plate) were cultured for 72 h with phytohaemagglutinin
(0.8 lg/ml,WellcomeDiagnostics, Dartford, UK) and either known
amounts of recombinant IL1b to be used as a standard or multiple
dilutions of the sample to be tested for IL1 activity (the final volume
was kept constant at 200 ll). The cultured thymocytes were pulsed
with 3H-thymidine (1 lCi/well, 6.7 Ci/mmol, New England Nucle-
ar) for the last 6 h of the 72-h incubation period and harvested on to
glass fiber filters (Otto Hiller cell harvester). The cell-associated
radioactivity was measured by scintillation counting (Beckman
Model LS 1801). The determination of the amount of active IL1 in
the CM samples was by comparison of their stimulation of thymo-
cyte proliferation with that induced by known amounts of IL1.
Recombinant murine IL1b, used as a standard, and neutralizing
monoclonal anti-murine IL1b antibody, used to verify that the
activity resulted from IL1b, were gifts from Dr. J.J. Huang [28].

Cytokine ELISA assays

Sandwich ELISA assays were used to detect IL1, TNF, IL6, and
IFNc. Capture and detection monoclonal antibodies were pur-
chased from PharMingen (San Diego, Calif.) and assays were
according to the protocol provided by the manufacturer. Briefly,

the plates were incubated overnight with the rat anti-mouse capture
(primary) antibody, washed, blocked and CM samples were added
and incubated overnight prior to washing. A biotinylated rat anti-
mouse detection (secondary) antibody was then added, washed,
avidin-peroxidase was added, washed and substrate (ABTS/H2O2)
was added. The intensity of the color was indicative of the amount
of cytokine present in the sample and was quantified by compari-
son with a standard curve containing known amounts of the
cytokine examined by ELISA in parallel.

Results

Multiple characteristics of PECwere examined, including:
number,morphology, phenotype, cytokinemRNA levels,
cytokine protein levels, and tumoricidal activity. In each
instance, aliquots of a pool of PEC harvested frommice 7
days following 10 mg/kg i.p. DOX treatment were com-
pared with aliquots of a pool of PEC from saline-treated
(untreated) mice to examine changes induced by DOX.
Three independent experiments (i.e. harvests of PEC from
untreated and DOX-treated mice) were carried out.

Cell number, morphology, and immunophenotype

When considered on a per mouse basis, twice as many
PEC were recovered following DOX treatment than were
recovered from untreated mice (7.8±1.2·106 compared
to 3.8±0.9·106, p=0.003 by Student’s t test). Aliquots of
PEC were separated into Ad andNAd cells following a 2-
h incubation on tissue culture plates. A greater percentage
of PEC fromDOX-treatedmice than fromuntreatedmice
were Ad after 2 h (66.6%±5.3% and 53.7%±7.9%,
respectively, p=0.002 by Student’s t test). The Ad PEC
from DOX-treated mice appeared to be larger and more
‘‘spread out’’ than those from untreated mice (Fig. 1).

Further evaluation of the size and granularity of the
PEC subpopulations was performed by flow cytometric
analysis of forward scatter (FSC) and side scatter (SSC)
parameters. Incubation on plastic for 2 h did not change
the PEC appreciably when the FSC/SSC pattern of the
W PEC, from either untreated or DOX treated mice, was
compared with the respective PEC population analyzed
directly following harvest from the mice (data not
shown). DOX treatment resulted in a whole cell popu-
lation that was enriched in cells with a high degree of SSC
compared with the population from untreated mice
(Fig. 2a). The FSC/SSC pattern data were analyzed by
gating on four subpopulations (Fig. 2a): gate 1 contained
predominantly small lymphocytes, gate 2 contained
predominantly large lymphocytes and some macro-
phages, gate 3 contained predominantly macrophages
and some large lymphocytes and gate 4 contained pre-
dominantly granulocytes. Based on these assignments,
DOX-treatment increased the percent of the cells in gate
4 sevenfold compared with W PEC from untreated mice
(Fig. 2b). There was a concomitant decrease in the per-
cent of the cells in gates 1 and 2 after DOX treatment; the
percent of the cells in gate 3 was unchanged. Similar
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DOX-induced changes were apparent when the Ad and
the NAd subpopulations were examined (data not
shown). Granulocytes were assessed in Wright’s stained
cytospin preparations. PEC from untreated mice con-
tained 1% granulocytes whereas PEC fromDOX-treated
mice contained 4% granulocytes. When these percent-
ages are multiplied by the respective PEC yields per
mouse, DOX treatment increased the average number of
granulocytes in PEC over eightfold, from 38,000/mouse
to 312,000/mouse. Increased numbers of granulocytes
were also detected by this method in both the Ad and
NAd subpopulations following DOX treatment (data
not shown). The immunophenotype of the PEC sub-
populations was determined by flow cytometric analysis
following incubation with fluorescently labelled anti-
bodies specific for CD3, NK1.1, CD11b/Mac-1, and
CD45R/B220 (Table 1). DOX treatment increased the
percentage of CD3+ cells, NK1.1+ cells, and CD11b+

cells in the W, Ad, and NAd populations. DOX treat-
ment decreased the percentage of CD45R+ cells in the
W, Ad and NAd populations.

Tumoricidal activity

The tumoricidal (activated macrophage) potential of the
PEC populations was determined by 51Cr release assays

with P815 cells as targets and IL2, IFNc, and/or LPS as
stimulants (Fig. 3). When stimulated with a single agent,
PEC from DOX-treated mice had higher levels of
cytotoxic activity against P815 cells in an 18-h assay

Fig. 2a, b PEC from DOX-treated mice have a different distribu-
tion of cells than do PEC from untreated mice when evaluated flow
cytometrically by forward (FSC) and side scatter (SSC) parameters.
a Following 2 h on plastic, W PEC from both untreated and DOX-
treated mice were recovered and examined for FSC/SSC properties
on a flow cytometer. Ten thousand events were analyzed. Similar
data were obtained in two additional independent experiments. The
numbers indicate the established gates: gate 1 contained predom-
inantly small lymphocytes, gate 2 contained predominantly large
lymphocytes and some macrophages, gate 3 contained predomi-
nantly macrophages and some large lymphocytes and gate 4
contained predominantly granulocytes. b Quantification of the
percentage of the 10,000 events collected that fall into each of the
four gates. The averages of the results for each of three independent
PEC harvests ± the standard deviations are shown. Differences
that are statistically significant as judged by a two-tailed Student’s t
test are marked with an asterisk. *P<0.05, **P<0.01

Fig. 1a, b Ad PEC from DOX-treated mice have different
morphology than those from untreated mice. PEC were harvested
from untreated mice and from mice 7 days after injection with
10 mg/kg DOX i.p. PEC were plated and incubated. Some of the
PEC were separated into Ad and NAd subpopulations: vigorous
pipetting was used to remove the NAd cells and cells which
remained after washing in warm media were considered Ad. This
Ad subpopulation was photographed. For this figure only,
incubation prior to separation was 24 h. For all other experiments,
incubation was for 2 h. a Ad PEC from untreated mice. b Ad PEC
from DOX-treated mice

Table 1 Immunophenotypes of PEC populations

PEC DOX Percentage of cells positive for:

CD3 CD45R NK1.1 CD11b

W ) 3 31 2 37
W + 9 10 4 62
Ad ) 0 16 2 59
Ad + 0 3 1 84
NAd ) 5 40 3 29
NAd + 11 17 6 51

W, Ad, and NAd PEC were incubated with fluorescently tagged
antibodies to CD3, CD45R/B220, NK1.1, or CD11b/Mac-1.
Samples were examined flow cytometrically. The percent of the
total 10,000 events collected that were positive for each of the
markers is shown
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than did PEC from untreated mice (Fig. 3a). In both the
18-h and 36-h assays, the maximal cytolytic activity
(attained following stimulation with both IFNc and
LPS) of PEC from DOX-treated mice was similar to that
obtained with PEC from untreated mice (Fig. 3). How-
ever, PEC from DOX-treated mice displayed maximal
cytolytic activity against P815 when stimulated with IL2
or LPS; incubation of PEC from untreated mice with
these stimulants did not result in maximal cytolytic
activity (Fig. 3b). Similar differences between the
tumoricidal activity of cells from DOX-treated mice and
cells from untreated mice were evident when the Ad
populations were compared with each other as well as
when the NAd populations were compared (data not
shown).

The cytolytic (NK) potential of the NAd PEC was
also determined after an 18-h in vitro incubation with
IL2 followed by 4-h 51Cr release assays using YAC-1
and P815 cells as targets (Fig. 4). For this experiment,
NAd PEC were incubated with IL2 and a portion of
those cells was separated further into NAd and Ad
subpopulations at the end of the 18-h incubation with
IL2 (denoted as NAd-NAd and NAd-Ad, respectively).
Both the total population (NAd-W) and the NAd-NAd
subpopulation of PEC from DOX-treated mice gener-
ated higher levels of YAC-1 lysis than did the corre-
sponding cells from untreated mice (Fig. 4). Aliquots of

these IL2-treated cells had no appreciable level of
cytolytic activity against P815 (Fig. 4) and, without IL2
treatment, the cells had no cytolytic activity against ei-
ther YAC-1 or P815 (data not shown).

Cytokine mRNA and protein levels

To examine the levels of selected cytokine mRNAs, total
RNA was purified from the W PEC and the separated
NAd and Ad populations following a 2-h adherence to
plastic incubation and from each of these populations
following a further 24-h incubation. To examine levels of
cytokine produced by the respective cell populations, the
conditioned medium (CM) was removed from the cells
following the 24-h incubation. Total RNA was then
prepared from the cells. During the 24-h incubation,
cells were either untreated or treated with 0.01, 1.0, or
100 lg/ml LPS. The levels of mRNA for selected cyto-
kines were determined by quantitative RT/PCR and the
levels of protein for selected cytokines were determined
by bioassays and ELISAs.

When RNAs obtained fromWPEC immediately after
the 2-h adherence step were analyzed, TNFmRNA levels
were �7.5-fold higher in PEC from DOX-treated mice
than they were in the corresponding populations from
untreated mice (Fig. 5, two separate experiments are
shown). DOX also increased TNFmRNA in the Ad PEC
subpopulation (Fig. 5). After the 24-h culture, the TNF
mRNA level in the PEC from DOX-treated mice was
similar to the level at 2 h and was still greater than that in
PEC from untreated mice (compare W PEC of Fig. 5
with )LPS of Fig. 6). LPS, at the concentrations tested,
induced even higher levels of TNF mRNA in PEC from
DOX-treated mice but had no effect on the levels of TNF
mRNA in PEC from untreated mice (Fig. 6).

The levels of bioactive TNF in CM from PEC are
shown in Fig. 7. Specifically, as shown by the open bars
(inset), (1) the levels of TNF in CM from cells which had
not been incubated with LPS were low, (2) CM from

Fig. 3a, b PEC from DOX-treated mice have greater cytolytic
activity against 51Cr-labeled P815 mastocytoma than do PEC from
untreated mice. a 18-h cytolytic assay. W PEC (1.5x105/well) from
untreated and DOX-treated mice were incubated with 51Cr-labeled
P815 cells (5x103/well) for 18 h in the absence or presence of the
stimulants noted. Stimulants were used at the following concen-
trations: IL2 at 1,000 U/ml, LPS at 0.01 lg/ml, and IFNc at 4 U/
ml. The 51Cr released into the supernatant upon cell lysis was
determined by c counting. b 36-h cytolytic assay. Conditions were
as described in a except that the W PEC were incubated without
(control) or with the listed stimulants for 18 h prior to the addition
of the 51Cr-labeled P815 cells for an additional 18 h. For both a
and b, the average ± the standard deviation (n=4) is shown.
Similar data were obtained in two additional independent
experiments

Fig. 4 Subpopulations of NAd PEC from DOX-treated mice have
greater cytolytic activity against 51Cr-labeled YAC-1 than do PEC
from untreated mice. NAd PEC (1.5x105 cells/well) were incubated
with 1,000 U/ml IL2 for 18 h. Cells were undisturbed (NAd-W) or
separated into Ad and NAd subpopulations (NAd-Ad and NAd-
NAd, respectively). YAC-1 (left panel) or P815 cells (right panel)
that had been prelabeled with 51Cr were added (5x103 cells/well) for
4 h and cytotoxicity was measured by the release of 51Cr into the
supernatant determined by c counting. The average ± the standard
deviation (n=4) is shown
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PEC of DOX-treated animals had even lower levels of
TNF than were found in the CM from PEC of untreated
mice, and (3) incubation with LPS, as shown by the filled
bars, dramatically increased the TNF level in CM from
PEC of DOX-treated mice, but incubation with LPS did
not increase the TNF level in CM from PEC of un-
treated mice. Similar results were obtained when the
level of TNF protein in the CM was examined by ELISA
(Table 2).

The levels of IL1a and IL1b mRNAs were deter-
mined in RNA purified from W, Ad, and NAd PEC
after the 2-h adherence culture. In three separate
experiments, there was little or no difference between the
IL1b mRNA levels determined for W PEC from DOX-
treated mice and untreated mice; the level ranged from
7,500 to 12,000 molecules of IL1b mRNA/cell. The
levels also did not differ significantly between the PEC of
DOX-treated and untreated animals for the Ad and
NAd subpopulations (data not shown). For both PEC
from untreated and PEC from DOX-treated mice, a
24-h stimulation with LPS resulted in an increased level

Fig. 6 LPS treatment increases the TNF mRNA levels of PEC
from DOX-treated mice but not PEC from untreated mice. An RT/
PCR assay was used to quantify the TNF mRNA present in total
RNA of W PEC from untreated and DOX-treated mice following a
2-h adherence to plastic and a subsequent 24-h incubation in the
absence or presence of increasing concentrations of LPS as
indicated. The total RNA assayed was a pool from three
independent experiments. The data shown are the results of a
series of RT/PCR assays. Similar results were obtained upon
repetition of the quantitative RT/PCRs. As previously published
[4], the typical range of the standard deviation of this TNF RT/
PCR assay for W PEC RNA is �0.5-7.2 molecules/cell

Fig. 5 PEC from DOX-treated mice have higher TNF mRNA than
do PEC from untreated mice. An RT/PCR assay was used to
quantify the TNF mRNA present in total RNA of W and Ad PEC.
The results of two independent experiments are shown; similar data
were obtained in a third independent experiment. The differences
between the respective )DOX/+DOX pairs are statistically
significant based on the Student’s t test (P<0.05)

Fig. 7 PEC from DOX-treated mice produce more TNF than do
PEC from untreated mice. W, Ad, and NAd PEC from untreated
and DOX-treated (10 mg/kg, i.p., 7 days prior) mice were
incubated for 24 h in the absence or presence of increasing
concentrations of LPS as indicated. The conditioned medium
(CM) was removed from the cells and the amount of bioactive TNF
in the CM was determined based on cytotoxicity towards WEHI-
164, clone 13 cells. The inset is a magnified view of the data
obtained without LPS treatment (note that the scale on the
ordinate is pg/ml for the inset). Similar data were obtained in two
additional independent experiments. The standard deviation of the
assay is �10–15%

Table 2 Levels of selected cytokines in CM from PEC of DOX-
treated mice and from PEC of untreated mice

Cytokine LPS Treatment

None DOX

IL1 ) 8.4±7.7 0.4±0.4
+ 7.2±5.6 109.7±54.1

TNF ) 882±542 134±100
+ 929±431 260,035±76,182

IL6 ) 6,069±2,189 1,543±408
+ 87,934±19,316 48,612±9,121

IFNc ) 209±125 1,682±660
+ 724±430 2,777±1,262

Equal numbers of W PEC from untreated and DOX treated
(10 mg/kg, i.p., day )7) mice were plated and incubated for 2 h.
The cells were then incubated for another 24 h either with 1 lg/ml
LPS or without the addition of stimulant. CM was removed and
the level of the listed cytokine proteins was determined by sandwich
ELISA assays. The average ± the standard deviation is shown for
n=3 or 4. The units for all values are pg/ml
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of IL1b mRNA (Fig. 8). The level of IL1b mRNA in
PEC from DOX-treated animals was lower in all cases
than that in the corresponding sample from untreated
animals. IL1a mRNA levels, which were �50-fold less
than IL1b mRNA levels, displayed changes similar to
those of IL1b mRNA (data not shown).

The levels of bioactive IL1 in CM from cells that were
not treated with LPS were low in all PEC populations
(Fig. 9, inset); the levels of IL1 detected in CM of PEC
populations from DOX-treated mice were consistently
found to be somewhat lower than those in CM of PEC
from untreated mice. However, with LPS stimulation,

considerable amounts of IL1 were present in the CM of
W, Ad, and NAd PEC from DOX-treated mice (levels
from 200 to 900 pg/ml, Fig. 9). CM of PEC from un-
treated mice, even when the PEC were incubated with
LPS, did not contain appreciable IL1 (maximal levels
were £ 22 pg/ml). Addition of a neutralizing anti-IL1b
antibody to the bioassay of the CM ablated the IL1
activity measured (data not shown). Results estimating
the levels of IL1 protein in the CM by ELISA (Table 2)
indicated changes that were consistent with those ob-
served using the bioactivity assay.

Quantitative RT/PCR assays demonstrated that the
level of IL6 mRNA was lower in W PEC of DOX-treated
mice than in PEC of untreated mice: an average of four
separate RT/PCR titrations ± the standard deviation of
558±269 IL6 mRNA molecules/cell for PEC from
DOX-treated mice and 5,338±536 IL6 mRNA mole-
cules/cell for PEC from untreated mice. Measurements of
IL6 protein levels by ELISA also indicated that the level
was lower in CM from PEC of DOX-treated mice than in
CM from PEC of untreated mice (Table 2). A higher
level of IFNc protein was found in CM from PEC of
DOX-treated mice than in CM from PEC of untreated
mice (Table 2).

Discussion

The data reported herein provide a greater understand-
ing of the DOX-induced effects on host defenses by
quantitating specific changes in PEC population char-
acteristics resulting from a single injection of DOX.
These changes concern: (1) cell number, morphology,
and immunophenotype, (2) tumoricidal activity, and (3)
cytokine mRNA and protein expression.

Following a single i.p. DOX injection, twice as many
PECs were present. This is consistent with the demon-
stration that i.p. DOX increases the number of perito-
neal mononuclear cells [20, 37]. Whether DOX induces
proliferation in situ or recruitment of cells from other
sites has not been determined. In contrast, it has also
been reported that PEC yields in rats are lower after i.p.
DOX treatment [42], but this was observed at 24 h, not
at 7 days post injection.

Several pieces of evidence indicate that the PEC
population from DOX-treated animals is enriched in
cells whose characteristics are consistent with their hav-
ing arisen from the myelomonocytic stem cell lineage and
that these cells are primed. First, a greater percentage of
PEC from mice treated with DOX are adherent after a
2-h incubation on plastic. Second, flow cytometry indi-
cates that these PEC contain more cells with a high de-
gree of side scatter; this characteristic is indicative of cells
with a high degree of granularity (Fig. 2). Third, Ad cells
from DOX-treated mice are spread out with the mor-
phological appearance of primed macrophages (Fig. 1).
Fourth, flow cytometric analysis demonstrates that a
greater percentage of the PEC from DOX-treated mice
bind the CD11b antibody; CD11b is a marker of cells of

Fig. 8 LPS treatment increases the IL1b mRNA levels in PEC
from both DOX-treated and untreated mice. An RT/PCR assay
was used to quantify the IL1b mRNA present in total RNA of W
PEC from untreated and DOX-treated mice following a 2-h
adherence to plastic and a subsequent 24-h incubation in the
absence or presence of increasing concentrations of LPS as
indicated. The total RNA assayed was a pool from three
independent experiments. The data shown are the results of a
series of RT/PCR assays. Similar results were obtained upon
repetition of the quantitative RT/PCRs

Fig. 9 PEC from DOX-treated mice produce more IL1 than do
PEC from untreated mice. W, Ad, and NAd PEC from untreated
and DOX-treated mice were incubated for 24 h in the absence or
presence of increasing concentrations of LPS as indicated. The
conditioned media (CM) was removed from the cells and the
amount of bioactive IL1 in the CM was determined based on
stimulation of thymocyte proliferation. The inset is a magnified
view of the data obtained without LPS treatment. Similar data were
obtained in two additional independent experiments. The standard
deviation of the assay is �5–10%
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the myelomonocytic lineage (Table 1). Fifth, PEC from
DOX-treated mice have greater numbers of granulocytes
as judged by Wright’s staining.

In contrast to the increase in CD11b+ PEC, the
single i.p. DOX injection decreased the percentage of the
total cell population that bound the antibody to the B-
cell marker CD45R/B220 (Table 1). However, it should
be noted that, since DOX treatment increased the
number of PEC/mouse by ~twofold, there was no de-
crease in the total number of CD45R+ cells following
DOX treatment. In fact, the actual number of CD45R+

cells per mouse increased slightly. PEC from DOX-
treated mice contained more cells that were CD3+

(Table 1). This indicates that T cells were also increased
by DOX.

DOX treatment increased the percentage of PEC that
were positive for the expression of NK1.1, a marker of
NK cells. There were NK1.1+ PEC whose FSC and SSC
characteristics were not those of classical small lym-
phocytes. These data, together with the large increases in
the percentage of granulocytic cells, support the
hypothesis that the large granulocytic lymphocyte
(LGL) type of NK cell [21, 39] was increased in PEC
from DOX-treated mice. These data are consistent with
the published data indicating that NK activity in PEC is
augmented following DOX administration [37].

DOX treatment stimulated tumoricidal macrophage
activity in the W PEC (Fig. 3). Following stimulation in
culture with IL2, LPS, or IFNc alone, PEC from DOX-
treated C57BL/6 mice generally have increased cytolytic
activity against P815 cells compared with PEC from
untreated mice. P815 mastocytoma cells are targets for
tumoricidal macrophages but not NK cells. Following
stimulation with LPS plus IFNc, identical numbers of
PEC from untreated and DOX-treated mice attain a
similar level of maximal tumoricidal macrophage activ-
ity (although the increased numbers of PEC in the
DOX-treated mice suggest that the total activity in the
treated animals is greater than that in untreated ani-
mals). The ability of the pretumoricidal cells in the PEC
from DOX-treated animals to become fully tumoricidal
in response to a single stimulus suggests that they are
‘‘primed.’’ Based on the known ability of IFNc to acti-
vate (‘‘prime’’) macrophages, this may be the conse-
quence of response to IFNc since, without ex vivo
stimulation, its levels were increased in CM from PEC of
DOX-treated mice (Table 2). Activated cells within ei-
ther the CD3+ or the NK1.1+ subpopulation may have
contributed to the increased IFNc production.

DOX treatment also stimulated NK tumoricidal
activity in the NAd PEC (Fig. 4). When the NAd PEC
population was incubated in vitro with IL2, the NAd-
PEC from DOX-treated mice possessed greater lytic
activity against YAC-1, the NK1.1 target, than PEC
from untreated mice. This lytic activity has the charac-
teristics of activated NK cells, rather than of LAK cells,
since there was no lysis of P815 cells. P815 are insensitive
to lysis by NK cells but sensitive to lysis by LAK cells.
Furthermore, in vivo DOX treatment (8 mg/kg i.p.) of

C57BL/6 mice has been reported to decrease in vitro
LAK activity for 6–9 days post injection [23].

Specific regulation of cytokine mRNA and protein
expression was measured following a single i.p. DOX
injection. Because of the low level of RNA in PEC
compared with the level in cultured cells [5], and the
relative nonabundance of cytokine transcripts, cytokine
mRNA levels were quantified by the sensitive RT/PCR
method developed for that purpose [4]. The effects of
DOX treatment documented in this study were not due
to nonspecific stimulation of expression of all cytokines
since DOX treatment decreased the levels of IL6 mRNA
and protein (data in text and Table 2).

Published studies suggest that administration of
DOX can lead to increased TNF protein [37, 41], but
they do not address whether this occurs via an increase
in TNF mRNA. Data contained herein demonstrate
that, after a single i.p. DOX injection, PEC contained
�7.5-fold more TNF mRNA than was present in PEC
from untreated mice (Fig. 5). However, there was a
slight decrease in the TNF protein produced by PEC
from DOX-treated mice compared with that produced
by PEC from untreated mice (Fig. 7). This suggests that
PEC from DOX-treated mice, although ‘‘primed’’ to
make TNF, were not constitutively making detectable
levels of TNF. Following in vitro LPS stimulation, the
elevated levels of TNF mRNA present in the PEC from
DOX-treated mice were increased even further (Fig. 6),
and this increase was mirrored by a very large increase in
the levels of TNF protein produced by these cells
(Table 2, Fig. 7). In contrast, the PEC from untreated
mice were not stimulated by the concentrations of LPS
used and the levels of both TNF mRNA and protein
remained unchanged. This suggests that the ‘‘primed’’
PEC from DOX-treated mice, upon receiving an
appropriate second signal, become fully activated and
make TNF. Furthermore, these data are consistent with
DOX-induced changes in TNF production occurring at
the level of TNF mRNA.

The following data suggest that a DOX-induced TNF
increase may have therapeutic relevance: (1) when TNF
plus DOX were used in limb perfusion of sarcoma-
bearing rats, the inclusion of TNF led to increased
accumulation of DOX in tumor tissue [45], (2) treatment
of human bone marrow cells in vitro with TNF (or
IL1b) protects them from DOX toxicity [11] and (3) two
patients who experienced prolonged objective response
after treatment with DOX plus IL2 had unusually ele-
vated TNF levels [31].

There was essentially no difference between PEC
from mice with and mice without DOX treatment in
terms of the IL1a and IL1b PEC mRNA levels or the
IL1 protein production (Table 2, Fig. 9). Stimulation in
vitro with LPS, however, dramatically increased the le-
vel of IL1 protein produced by PEC from DOX-treated
mice but not from untreated mice (Table 2, Fig. 9). This
is consistent with previously published data indicating
that IL1 protein increases following both in vitro and in
vivo DOX treatment ([1, 6, 7, 8, 30, 37]) although the in

470



vivo effects of DOX are not always evident when
studying the effect of DOX applied to a cell population
in culture [41]). Inclusion of a neutralizing antibody
against IL1b ablated the IL1 bioactivity, indicating that
the IL1 protein produced was predominantly IL1b and
not IL1a (data not shown). Interestingly, the adminis-
tration of IL1 protects mice from DOX-induced (1)
depletion of myeloid and erythroid cells in the bone
marrow [19], (2) atrophy of the thymus and secondary
lymphoid organs [19] and (3) lethality [32].

Although changes in both IL1 mRNA and protein
levels were documented (Figs. 8, 9), the changes in
mRNA levels did not parallel the changes in protein
levels. Several hypotheses are consistent with these data.
The production of high levels of IL1 protein by PEC
from DOX-treated mice without obvious increases in the
levels of IL1 mRNA may indicate regulation of protein
production at the translational/post-translational level.
Alternatively, the IL1 mRNA could have been increased
initially and then decreased by the 24-h time point
examined. Thus, PEC ‘‘priming’’ as a result of exposure
to DOX can produce elevated amounts of both IL1 and
TNF, albeit by different mechanisms.

The results reported herein, together with informa-
tion available in the literature, support the model of
DOX-induced immunomodulation outlined in Fig. 10.
In this model, DOX administration initiates and sustains
a cytokine-regulated cascade of events. DOX treatment
in vivo changes the level of certain cytokines expressed
by resident PEC. These changes lead both to recruitment
and to priming of subsets of PEC, including macro-
phages and LGL. In addition, they provide second sig-
nals towards the activation of tumoricidal macrophages
and NK cells. This cascade of events was shown to be

initiated by a single injection of DOX; it is likely that the
cascade is sustained by DOX that is found associated
with PEC for up to 2 weeks after the initial injection [47].
Overall, these data indicate that DOX treatment in vivo
stimulates specific components of the host defenses and
results in the generation of ‘‘primed’’ macrophages and
lymphoid (T and natural killer) cells as assessed by in-
creases in the number of cells that express surface
markers indicative of these phenotypes and/or increases
in their cytotoxic activity. This activation of effector
functions following in vivo DOX treatment likely results
in a self-sustaining cascade initiated by the documented
changes in both the level of certain cytokines and the
cohort of cells present in the PEC population. Given the
fact that treatments with DOX plus certain cytokines
exert immunomodulation-dependent therapeutic effects
in mouse tumor models [13, 18, 22, 26], it is likely that
the functional and cellular changes in PEC populations
demonstrated in this report have therapeutic relevance.
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