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Objective
To determine whether monocyte chemoattractant protein-1 (MCP-
1), which initiates subsequent development of burn-associated type
2 T cells, is produced in mice early after thermal injury.

Summary Background Data
A predominance of type 2 T-cell responses is commonly ob-
served in animals and patients with severe thermal injuries.
Burn-associated type 2 T cells have been identified as the
cells responsible for the increased susceptibility of thermally
injured mice to infections with herpes simplex virus type 1 and
Candida albicans. Recently, the necessity of MCP-1 for the
generation of type 2 T cells was shown in MCP-1 knockout
mice. MCP-1 may have an important role in the increased
susceptibility of thermally injured mice to various intracellular
opportunistic pathogens.

Methods
The production of MCP-1 in sera or in cultures of various cells
prepared from thermally injured mice was measured. Dual-
chamber transwell cultures were performed to determine the
influence of MCP-1-producing cells on the generation of burn-
associated type 2 T cells.

Results
Without any stimulation, splenic macrophages from mice (1/
2D-M�) produced MCP-1 into their culture fluids 12 hours
after thermal injury. Interleukin-4 was detected in culture fluids
of splenic T cells from normal mice cultured with 1/2D-M� in
a dual-chamber transwell system; however, this cytokine was
not produced by normal T cells cultured with normal macro-
phages in the transwells. Also, normal T cells cultured with
1/2D-M� did not produce interleukin-4 when transwell cul-
tures were performed in the presence of anti-MCP-1 mono-
clonal antibody. Further, normal T cells directly stimulated with
MCP-1 produced interleukin-4 into their culture fluids. Normal
T cells, cultured with 1/2D-M� for 24 hours in the transwells
and recultured with fresh medium for an additional 7 days,
produced interleukin-10 (but not interferon-�) and expressed
ST2L mRNA (but not interleukin-12 receptor �2 chain) when
they were stimulated with anti-CD3 monoclonal antibody.

Conclusions
Results indicate that MCP-1 is produced in mice within 1 day
of thermal injury, and the subsequent development of burn-
associated type 2 T-cell responses may be triggered by
MCP-1 produced early after thermal injury.

Death in thermally injured patients is significantly asso-
ciated with infection.1,2 Herpesviruses and Candida albi-

cans produce severe infections in thermally injured pa-
tients,3–5 but in normal individuals these pathogens are
common but rarely cause severe infection.1,6 A major rea-
son for the increased susceptibility of thermally injured
patients to these pathogens appears to be a deficient immune
response.1,7 Among the immunologic abnormalities docu-
mented in thermally injured patients, diminished type 1
T-cell responses are common.8,9 Type 1 T-cell responses are
essential for the host defense against these pathogens.10

Effector cells for type 1 T-cell responses inhibit spreading
of intracellular pathogens (herpesviruses and C. albicans)

Supported by National Institutes of Health Grant R01 AI44218-01A2 and
Shriners of North America Grant #8560.

Correspondence: Fujio Suzuki, MD, PhD, Department of Internal Medi-
cine, The University of Texas Medical Branch, 301 University Bou-
levard, Galveston, TX 77555-0435.

E-mail: fsuzuki@utmb.edu
Accepted for publication August 27, 2001.

DOI: 10.1097/01.SLA.0000018661.66027.DD

ANNALS OF SURGERY
Vol. 236, No. 1, 112–119
© 2002 Lippincott Williams & Wilkins, Inc.

112



by killing cells infected with pathogens.10 Type 1 T-cell
responses are manifested by the increased production of
interleukin (IL)-2 and interferon (IFN)-� (type 1 cyto-
kines).11–13 In contrast, type 2 T-cell responses, expressed
through the generation of type 2 T cells (T helper type 2
cells, CD8� type 2 T cells), are manifested by an increased
production of IL-4, IL-10, and IL-13 (type 2 cyto-
kines).11–13 Type 2 cytokines act as inhibitors of type 1
cytokine production from type 1 T cells.11–13

In our previous studies,14–17 IFN-� was not produced in
thermally injured mice or in cultures of splenic mononu-
clear cells from thermally injured mice after stimulation
with IFN-� inducers. As burn-associated type 2 T cells,
CD8� CD11b� TCR�/�� T cells that produce IL-4 and
IL-10 inhibit the generation of type 1 T cells.15 Burn-
associated type 2 T cells have been identified as the cells
responsible for the increased susceptibility of thermally
injured mice to infections with HSV-1 and C. albicans.15–17

Further confirming the role of type 2 T cells in the burn-
associated deficiency of the immune response is the finding
of increased susceptibility of normal mice to these patho-
gens, to levels observed in thermally injured mice, after the
inoculation with cloned burn-associated type 2 T cells.16,17

Similar results are observed in studies using cells from
thermally injured patients.18 Severe combined immunode-
ficient (SCID) mice inoculated with peripheral blood lym-
phocytes (PBLs) from thermally injured patients (patient
PBL-SCID chimeras) are susceptible to infection with C.
albicans, whereas healthy PBL-SCID chimeras (SCID mice
inoculated with PBLs from healthy donors) are resistant to
infection.18 This impaired resistance of patient PBL-SCID
chimeras to infection subsequently recovers to levels ob-
served in healthy PBL-SCID chimeras when human SCID
chimeras are created with patient PBLs previously depleted
of burn-associated type 2 T cells.18 These facts indicate that
the resistance of thermally injured patients to C. albicans
infection might be improved through the regulation of burn-
associated type 2 T-cell responses. Therefore, studies inves-
tigating the generation mechanisms of burn-associated type
2 T cells may provide important information on the immu-
nologic regulation of HSV-1 and C. albicans infections in
thermally injured patients.

In the present study, the production of monocyte che-
moattractant protein-1 (MCP-1) in sera of thermally injured
mice early after thermal injury was shown. Also, MCP-1
induced by the burn stimulation was shown to initiate the
burn-associated type 2 T-cell responses. MCP-1 is a mem-
ber of the �-chemokines and plays a crucial role in the
trafficking and recruitment of effector leukocytes to primary
sites of immune responses and inflammation.19,20 MCP-1
also plays a role in the synthesis of IL-4 by ovalbumin-
stimulated CD4� T cells.21 Recently, the necessity of
MCP-1 for the generation of type 2 T cells was shown in
MCP-1 knockout mice.22 MCP-1 may have an important
role in the increased susceptibility of thermally injured mice
to various intracellular opportunistic pathogens.

METHODS

Animals

Eight-week-old male BALB/c mice (Jackson Laboratory,
Bar Harbor, ME) were used in these experiments. Experi-
mental protocols for animal studies were approved by the
Animal Care and Use Committee of the University of Texas
Medical Branch at Galveston (ACUC approval number:
95–04–039).

Thermal Injury

Thermally injured mice were produced according to our
previously reported procedures with minor modifications.23

Mice were anesthetized with pentobarbital (40 mg/kg) ad-
ministered by intraperitoneal injection. Electric clippers
were used to shave the hair on the back of each mouse from
groin to axilla. Thermal injury was produced by pressing a
custom-made insulated mold (with a 2.5 � 3.5-cm window)
firmly against the shaved back of each mouse and subse-
quently exposing the area to a gas flame for 9 seconds. The
gas flame was produced by a Bunsen burner equipped with
a flame-dispersing cap. This procedure produced a third-
degree burn on approximately 15% of total body surface
area for a 26-g mouse. Immediately after thermal injury,
physiologic saline (4 mL per mouse) was administered by
intraperitoneal injection for fluid resuscitation.

Reagents, Media, and Cells

Murine recombinant (r)MCP-1, rIFN-�, and rIL-4 were
obtained from PeproTech (Rocky Hill, NJ). Murine rIL-12
and monoclonal antibodies (mAbs) for MCP-1, IFN-�,
IL-2, IL-4, IL-10, IL-12, CD3, and CD28 were purchased
from PharMingen (San Diego, CA). For cultivation of mac-
rophages, neutrophils, and lymphocytes, we used RPMI-
1640 medium supplemented with 10% FBS, 2 mmol/L
L-glutamine, antibiotics, 30 mmol/L HEPES, and 5 � 10�5

mol/L 2-ME (complete medium). For cultivation of fibro-
blasts, we used Eagle’s MEM supplemented with 10% FBS,
2 mmol/L L-glutamine, and antibiotics (Eagle’s complete
medium). The same medium supplemented with 2% FBS
was used as maintenance medium.

As previously described,24,25 standard type 1 T cells (ST1
cells) were generated from naive T cells through stimulation
with immobilized anti-CD3/CD28 mAbs (10 �g/mL) in the
presence of rIL-12 (2 ng/mL) and anti-IL-4 mAb (200
ng/mL). Standard type 2 T cells (ST2 cells) were generated
from naive T cells through stimulation with the same mAbs
in the presence of IL-4 (20 ng/mL) and anti-IL-12 mAb (2
�g/mL).24,25 The resulting cells were cultured in complete
medium supplemented with rIL-2 (100 U/mL).

Peritoneal macrophages were prepared from peritoneal
cells removed from mice that were injected intraperitoneally
with 10 mL phosphate-buffered saline.23 Splenic macro-
phages were prepared from single cell suspensions of
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spleens aseptically removed from both thermally injured
and control mice.23 After red blood cells were lysed by a
hypotonic lysing buffer (R&D Systems, Minneapolis, MN),
peritoneal exudate cells and splenic cells suspended in
maintenance medium were added to fibronectin-coated petri
dishes (Protein Polymer, San Diego, CA). Fifteen minutes
after incubation at 37°C, the dishes were washed twice with
warmed maintenance medium to remove nonadherent cells
from the surface of the petri dishes.23 A macrophage-en-
riched population (92% pure) was then harvested from the
dishes by scraping with a rubber policeman.23

T and B cells were prepared from the spleens of thermally
injured mice through the use of T-cell enrichment columns
(R&D Systems) or B-cell immunocolumns (Cytovax, Edm-
onton, Alberta, Canada), respectively. The purity of these
cells was greater than 96%, as described previously.26 Pe-
ripheral blood neutrophils were isolated from heparinized
blood by dextran sedimentation followed by Ficoll-
Hypaque density gradient centrifugation.27 Red blood cells
were eliminated from the neutrophil preparations by expo-
sure to hypotonic solution.27 Fibroblasts were obtained from
the lungs and kidneys of thermally injured mice by the
standard trypsinization technique.28

Transwell Assay

Cell preparations from thermally injured and control mice
were cultured with splenic T cells from normal mice in a
dual-chamber transwell culture system. Six hundred micro-
liters of a cell suspension for normal T cells (3 � 105

cells/well) was placed into the bottom chamber of the trans-
well (0.4- �m micropores) (Costar, Corning NY). One
hundred microliters of the cell suspension for macrophages,
T cells, B cells, neutrophils, or fibroblasts (7.5 � 104 to 6 �
105 cells/mL) was placed into the upper chamber of the
transwell. In some experiments, transwell cultures were
performed in the presence of anti-MCP-1 mAb (20 ng/mL).
Twenty-four hours after cultivation, culture fluids harvested
from the transwell were assayed for IL-4. As required, cells
in the bottom chamber were recultured in fresh complete
medium for an additional 7 days.

Production and Assay of Cytokines

Culture fluids harvested from the transwell cultures were
assayed for IL-4 by enzyme-linked immunosorbent assay
(ELISA). Also, culture fluids of normal T cells (2 � 106

cells/mL) were assayed for IL-4 by ELISA after stimulation
with 1 to 200 ng/mL of rMCP-1 for 24 hours. To determine
the abilities of cells to produce MCP-1, macrophages, B
cells, T cells, neutrophils, lung fibroblasts, and kidney fi-
broblasts (2 � 106 cells/mL), prepared from mice early after
thermal injury, were cultured without any stimulation for 24
hours. The harvested culture fluids from these cells were
then assayed for MCP-1 by ELISA. To determine circulat-
ing IL-4 and MCP-1 levels, serum specimens obtained from

mice 2, 6, 12, 18, 24, and 36 hours and 2, 4, 5, 6, 8, 10, and
12 days after thermal injury were assayed by ELISA. In
some experiments, anti-MCP-1 mAb (10 �g/mouse) was
administered to mice immediately and 3 days after thermal
injury. As a control, rat Ig (10 �g/mouse) was injected to
thermally injured mice on the same schedules. Serum spec-
imens obtained from mice 6 days after thermal injury were
assayed for IL-4 by ELISA. The detection limit for cyto-
kines was 30 to 50 pg/mL in our assay systems. Each assay
was performed three times.

Criteria for Identification of
Type 2 T Cells

Type 2 T cells were generated from normal T cells
cultured with 1/2D-M� for 24 hours after recultivation in
fresh complete medium for an additional 7 days. Type 2 T
cells were identified by the following properties: 1) cyto-
kine-producing profile; 2) preferential expression of ST2L
mRNA; and 3) loss of IL-12 receptor �2 chain (IL-12R�2)
mRNA expression. To determine the cytokine-producing
profile, cell preparations (2 � 106 cells/mL) were stimulated
with immobilized anti-CD3 mAb (10 �g/mL) for 48 hours.
The harvested culture fluids were assayed for IFN-� and
IL-10 by ELISA. IL-12R�2 antigen has been shown to be
expressed on the surface of type 1 T cells.24 The expression
of ST2L antigen has been shown on murine type 2 T cells.25

Therefore, mRNAs for these antigens were considered as
markers for type 1 or type 2 T cells. mRNA extracted from
these cells was subjected to reverse transcriptase (RT)-
nested polymerase chain reaction (PCR; ST2L) or RT-PCR
(IL-12R�2). cDNA was synthesized using oligo(dT) prim-
ers and AMV reverse transcriptase (Pharmacia, Piscataway,
NJ). PCR was carried out using oligonucleotide primers
(Genosys, Woodlands, TX). ST2L mRNA was amplified by
RT-nested PCR using the following primers: sense, 5'-
ACTTTGTTCACCACACTCTGC-3'; antisense, 5'-AACA-
GATGCCGTCTTGGAGGC-3'.25 Inner primers were as
follows: sense, 5'-CAAATTGTGCATTTATGGAG-3'; an-
tisense, 5'-ATGCTTCCAGAATTTGGAAC-3' (product of
346 bp). Primers for amplifying IL-12R�2 were as follows:
sense, 5'-AAAGCCAACTGGAAAGCATTCG-3'; antisense,
5'-AGTTTTGAGTCAGGGTCTCTGC-3' (product of 466
bp).24 Using a thermal cycler (GeneAmp PCR System 9600),
35 cycles of PCR were performed at 94°C for 15 seconds,
60°C for 15 seconds, and 72°C for 20 seconds. The products
were analyzed by electrophoresis in 2% agarose gel containing
ethidium bromide with the PCR Marker (Sigma, St. Louis,
MO). As controls, mRNAs from ST1 cells and ST2 cells were
also subjected to RT-nested PCR or RT-PCR, respectively.

Statistical Analysis

Data are presented as mean � standard deviation. Com-
parisons between experimental and control groups were
made by analysis of variance followed by the Fisher pro-
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tected least significant difference test. Significance was set
at P � .05.

RESULTS

Monocyte Chemoattractant Protein 1
and Interleukin-4 Shown in Sera of Mice
Various Times After Thermal Injury

Serum specimens were prepared from mice various hours
and days after thermal injury. The amounts of MCP-1 and
IL-4 in sera were determined by ELISA. Two hours after
thermal injury, MCP-1 at a concentration of 420 � 52
pg/mL was first detected in sera (Fig. 1). Peak serum
MCP-1 levels (1,528 � 135 pg/mL) occurred 1 day after
thermal injury and subsequently declined to undetectable
levels within 2 days of thermal injury. IL-4 was first de-
tected in sera of mice 4 days after thermal injury; it peaked
at 6 days after thermal injury and then gradually declined to
undetectable levels by 12 days after thermal injury. In our
previous studies,15–17 CD8� CD11b� TCR�/�� T cells
detected in spleens of thermally injured mice have been
characterized as burn-associated type 2 T cells. IL-4, de-
tected in sera of mice 4 to 10 days after thermal injury, has
been confirmed to be released from burn-associated type 2
T cells.16,17

Production of Monocyte
Chemoattractant Protein 1 In Vitro

The ability of cells to produce MCP-1 was examined in
vitro. Cells were prepared from mice 10 to 24 hours after
thermal injury. These cells included splenic macrophages,
peritoneal macrophages, splenic B cells, splenic T cells,
lung fibroblasts, kidney fibroblasts, and peripheral blood
neutrophils. These cells were cultured in complete medium
at cell densities of 2 � 106 cells/mL for 24 hours at 37°C in

CO2 without any stimulation. The harvested culture fluids
were assayed for the amount of MCP-1 by ELISA. MCP-1
was not detected in all culture fluids harvested from cell
preparations obtained from control mice. Also, MCP-1 was
not produced by splenic T cells and splenic B cells from
thermally injured mice. The MCP-1 production was de-
tected in cultures of splenic macrophages, lung fibroblasts,
and kidney fibroblasts derived from thermally injured mice.
MCP-1 was also produced by peritoneal macrophages and
peripheral blood neutrophils from thermally injured mice.
Representative results showing MCP-1 production in cul-
tures of splenic macrophages are shown in Figure 2A.
Splenic macrophage, obtained from mice 24 hours after
thermal injury, produced 2.2 � 0.3 ng/mL MCP-1 into their
culture fluids when cultured at a cell density of 2 � 106

cells/mL for 24 hours. In comparison, splenic macrophages
from control mice produced less than 30 pg/mL MCP-1 into

Figure 1. Production of interleukin-4 (IL-4) and monocyte chemoat-
tractant protein 1 (MCP-1) in sera of mice various times after thermal
injury. Serum specimens, prepared from mice 2, 6, 12, 18, 24, and 36
hours and 2, 4, 5, 6, 8, 10, and 12 days, were assayed for MCP-1 (solid
circle) or IL-4 (open circle) by enzyme-linked immunosorbent assay.
Each point is displayed as mean � standard deviation (n � 5).

Figure 2. Production of monocyte chemoattractant protein 1 (MCP-1)
in cultures of splenic macrophages from mice early after thermal injury.
(A) Splenic macrophages (2 � 106 cells/mL) from normal mice or ther-
mally injured mice 12 hours after thermal injury (1/2D-M�) were cultured
for 24 hours in fresh complete medium without any stimulation. (B)
Splenic macrophages, prepared from mice 6, 12, 18, and 24 hours after
thermal injury, were cultured for 24 hours without any stimulation. Cul-
ture fluids obtained from both experiments were assayed for MCP-1
by enzyme-linked immunosorbent assay. Each result is displayed as
mean � standard deviation (n � 5).
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their culture fluids. The greatest amount of MCP-1 (3.4 �
0.2 ng/mL) was produced by splenic macrophages from
mice 12 hours after thermal injury (see Fig. 2B). Therefore,
splenic macrophages from mice 12 hours after thermal
injury were abbreviated as “1/2D-M�,” and these cells were
used in the following experiments.

Effect of 1/2D-M� on Interleukin-4
Production by Splenic T Cells From
Normal Mice

The effect of 1/2D-M� on the IL-4 production by normal
T cells was examined in a dual-chamber culture system.
Normal T cells (3 � 105 cells/well) were placed into the
bottom chamber of transwells, and 7.5 � 104 to 6 � 105

cells/well of 1/2D-M� were placed into the upper chamber
of transwells. These chambers were cultured for 24 hours at
37°C in CO2, and harvested culture fluids were assayed for
IL-4 by ELISA. IL-4 at an amount of 388 � 42 pg/mL was
detected in culture fluids of transwells cultured with a
bottom cell to upper cell ratio of 2:1 (Fig. 3). The IL-4
production by normal T cells increased in correlation with
the increased numbers of 1/2D-M� cultured in the upper
chamber. As a control, various numbers of splenic macro-
phages from normal mice placed into the upper chamber
were cultured with constant numbers of normal T cells in
the same fashion. Significant amounts of IL-4 were not
detected in culture fluids of these cells. Also, IL-4 was not
produced by normal T cells cultured at a cell density of 3 �
105 cells/well or by 1/2D-M� cultured at a cell density of
6 � 105 cells/well. IL-4 was detected in culture fluids of
transwell cultures performed with normal T cells (3 � 105

cells/well, placed into the bottom chamber) and peritoneal
macrophages, peripheral blood neutrophils, lung fibroblasts,
and kidney fibroblasts (6 � 105 cells/well, placed into the
upper chamber) derived from thermally injured mice.

To determine the role of 1/2D-M��released MCP-1 on
the production of IL-4 by normal T cells, these two cell
preparations were cultured in transwells supplemented with
or without anti-MCP-1 mAb (20 ng/mL). When the trans-
well cultures were supplemented with 20 ng/mL anti-
MCP-1 mAb, the production of IL-4 was markedly reduced
compared with that of transwell cultures not supplemented
with the mAb (Fig. 4). The similar effect of anti-MCP-1
mAb on the IL-4 production was shown in vivo (Table 1).
When IL-4 was not found in sera of normal mice (�30
pg/mL), 780 to 825 pg/mL of this cytokine was detected in
sera of mice 6 days after thermal injury. At this time, only
45 to 70 pg/mL IL-4 was detected in day 6 sera of mice
treated with anti-MCP-1 mAb immediately and 3 days after
thermal injury (P � .001).

Figure 3. Production of interleukin (IL)-4 by splenic T cells from normal
mice previously cultured with 1/2D-M�. In the transwell culture system,
various numbers of 1/2D-M� (upper chamber) were cultured with a
constant number of normal T cells (bottom chamber; cell density, 3 �
105 cells/well, solid circle). Controls (normal macrophages) were cul-
tured with normal T cells in the same fashion (open circle). Also, normal
T cells alone (3 � 105 cells/well, white bar) or 1/2D-M� alone (6 � 105

cells/well, black bar) were cultured and served as controls. Culture
fluids harvested 24 hours after cultivation were assayed for IL-4 by en-
zyme-linked immunosorbent assay. Each point is displayed as mean �
standard deviation (n � 4–6).

Figure 4. Effect of anti-monocyte chemoattractant protein 1 (MCP-1)
monoclonal antibody on the interleukin (IL)-4 production by normal T
cells cultured with 1/2D-M�. In a dual-chamber culture system, normal
T cells (bottom chamber; cell density, 3 � 105 cells/well) were cultured
with 1/2D-M� (upper chamber, 6 � 105 cells/well) in the presence or
absence of anti-MCP-1 monoclonal antibody (20 ng/mL). As a control,
normal T cells were cultured with normal macrophages in the same
fashion. Culture fluids harvested 24 hours after cultivation were assayed
for IL-4 by enzyme-linked immunosorbent assay. Each bar indicates
mean � standard deviation (n � 4–6).

Table 1. EFFECT OF ANTI-MCP-1 MAB
ON THE IL-4 PRODUCTION IN
THERMALLY INJURED MICE

Serum Specimens Prepared From:
IL-4 in Sera

(pg/mL)

Normal mice �30
Thermally injured mice treated with rat Ig 802 � 23
Thermally injured mice treated with anti-MCP-1

mAb
57 � 13

MCP-1, monocyte chemoattractant protein 1; mAb, monoclonal antibody; IL-4,
interleukin 4.
Mice (5 mice per group) were treated twice with 10 �g/mouse anti-MCP-1 mAb (0
and 3 days after thermal injury). As a control, thermally injured mice (5 mice) were
treated with rat Ig (10 �g/mouse) on the same schedule. Six days after thermal
injury, serum specimens from these mice were assayed for IL-4 by enzyme-linked
immunosorbent assay. Data are expressed as mean � standard deviation.
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Based on these results, we next examined the ability of
MCP-1 to induce IL-4 in cultures of normal T cells. When
normal T cells were stimulated with 100 ng/mL rMCP-1 for
24 hours, IL-4 at an amount of 645 � 52 pg/mL was found
in their culture fluids (Fig. 5). The concentrations of IL-4
detected in culture fluids increased proportionally to the
dose of rMCP-1 (10–100 ng/mL) added to the normal T-cell
cultures. These results indicate that MCP-1 is a key sub-
stance in the production of IL-4 by normal T cells in
transwell cultures.

Effect of Monocyte Chemoattractant
Protein 1 on the Subsequent
Development of Type 2 T Cells

Type 2 T-cell characteristics were examined in normal T
cells that were cultured with 1/2D-M� and recultured in
fresh complete medium for an additional 7 days. Transwell
cultures were performed with normal T cells (3 � 105

cells/well) placed into the bottom chamber and 1/2D-M�
(6 � 105 cells/well) placed into the upper chamber. Twenty-
four hours after cultivation, the upper chambers were re-
moved from transwells, and cells in the bottom wells were
recultured for an additional 7 days in fresh complete me-
dium supplemented with IL-2 (100 U/mL). As a control,
transwell cultures and recultivation of cells in the bottom
chamber were performed with normal T cells (placed into the
bottom chamber) and splenic macrophages from normal mice.

To induce the production of cytokines, cells harvested
after the recultivation were stimulated with 10 �g/mL im-
mobilized anti-CD3 mAb for 48 hours. Freshly isolated
normal T cells were stimulated with the same mAb for 48
hours and served as a control. Culture fluids were harvested
and assayed for IL-10 and IFN-� by ELISA. As shown in

Figure 6A, IL-10 was produced by recultured T cells har-
vested from the bottom chamber of transwells cultured with
1/2D-M� in the upper chamber. However, IFN-� was not
produced by these T cells (see Fig. 6B). Conversely, IFN-�
was produced by recultured T cells that were harvested from
the bottom chamber of transwells cultured with splenic
macrophages from normal mice in the upper chamber. How-
ever, IL-10 was not produced by these T cells. These results
suggest that type 2 T cells were generated during the reculti-
vation of normal T cells previously cultured with 1/2D-M� in
the transwell cultures.

It was further confirmed that the recultured T cells de-
rived from transwells cultured with 1/2D-M� were shown

Figure 5. The production of interleukin (IL)-4 in cultures of normal T
cells stimulated with recombinant monocyte chemoattractant protein 1
(rMCP-1). Normal T cells (cell density, 2 � 106 cells/mL) were cultured
for 24 hours in the presence of various concentrations of rMCP-1.
Culture fluids harvested from these cell cultures were assayed for IL-4
by enzyme-linked immunosorbent assay. Each point indicates the
mean � standard deviation of triplicate wells.

Figure 6. Type 2 T cells generated from normal T cells cultured with
1/2D-M�. Normal T cells (bottom chamber, 3 � 105 cells/well) were
cultured with 1/2D-M� (upper chamber, 6 � 105 cells/well) in a dual-
chamber transwell. Twenty-four hours after cultivation, the upper
chamber was removed. Cells in the bottom chamber were recultured
for an additional 7 days in fresh complete media supplemented with
interleukin (IL)-2 (100 U/mL). The production of IL-10 (A) and interferon
(IFN)-� (B) by these cells is shown. For the cytokine production, cells
harvested were stimulated with immobilized anti-CD3 monoclonal an-
tibody (10 �g/mL) for 48 hours. The amount of cytokines in culture fluids
was measured by enzyme-linked immunosorbent assay. Each bar in-
dicates the mean � standard deviation (n � 4–6). For the detection of
ST2L and IL-12R�2 mRNAs, cells cultured with 1/2D-M� and recul-
tured an additional 7 days were further stimulated by immobilized anti-
CD3 monoclonal antibody for 12 hours. The expressions of ST2L
mRNA (C) and IL-12R�2 mRNA (D) on these T cells were analyzed by
reverse transcriptase-nested polymerase chain reaction (ST2L) or re-
verse transcriptase–polymerase chain reaction (IL-12R�2). As controls,
ST2 cells (C), ST1 cells (D), and normal T cells cultured with normal
macrophages were stimulated with the same monoclonal antibody.
Lanes a, b, c, and d show the polymerase chain reaction marker,
normal T cells, 1/2D-M� and ST2 (C) or ST1 cells (D), respectively.
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to be type 2 T cells by the expression of ST2L mRNA (see
Figs. 6C, 6D). Thus, after the stimulation with immobilized
anti-CD3 mAb, ST2L mRNA was extracted from T cells
that were cultured with 1/2D-M� in transwells and then
recultivated in fresh complete medium. As controls, mR-
NAs were extracted from standard type 1 (ST1 cells) and
type 2 T cells (ST2 cells)27,28 and subjected to RT-nested
PCR (ST2L) or RT-PCR (IL-12R�2). These ST1 and ST2
cells exhibited typical cytokine-producing profiles for type
1 (ST1 cells) and type 2 T cells (ST2 cells) when they were
stimulated with anti-CD3 mAb. When T cells, cultured with
1/2D-M� in the bottom chamber of the transwells followed
by the recultivation for an additional 7 days in fresh com-
plete medium, were stimulated with immobilized anti-CD3
mAb, the mRNA expression for ST2L antigen was detected.
However, these cells stimulated with anti-CD3 mAb did not
express IL-12R�2 mRNA. At this time, ST2 cells expressed
ST2L mRNA and ST1 cells expressed IL-12R�2 mRNA.
These results indicated that type 2 T cells were generated
from normal T cells through the cultivation with 1/2D-M�
followed by the recultivation in fresh complete medium. In
other words, the generation of type 2 T cells was initiated in
cultures of normal T cells by the stimulation with 1/2D-M�
(or MCP-1 released from 1/2D-M�).

DISCUSSION

In the present study we found the production of MCP-1 in
sera of mice early after thermal injury. MCP-1 was detected
in sera of mice 2 to 24 hours after thermal injury. Without
any stimulation, splenic macrophages, peritoneal macro-
phages, peripheral neutrophils, lung fibroblasts, and kidney
fibroblasts, derived from mice 12 hours after thermal injury,
produced MCP-1 into their culture fluids. Among these
cells, splenic macrophages from mice 12 hours after thermal
injury were the best producer cells for MCP-1. Therefore,
splenic macrophages from mice 12 hours after thermal
injury were designated as 1/2D-M� and used for the exper-
iments thereafter. IL-4 was detected in culture fluids of
splenic T cells from normal mice cultured with 1/2D-M� in
the dual transwell culture system; however, this cytokine
was not produced by normal T cells cultured with splenic
macrophages from normal mice in the same transwells. IL-4
was not produced into the culture fluids when anti-MCP-1
mAb was added to transwells cultured with normal T cells
and 1/2D-M�. These results indicate that the IL-4 produc-
tion by normal T cells is stimulated by MCP-1, which is
released from 1/2D-M�. Further confirming this conclusion
is the fact that IL-4-producing T cells were produced when
normal T cells were cultured with rMCP-1, without any
cells derived from mice early after thermal injury. Type 2 T
cells, identified by their cytokine-producing profile and the
mRNA expression for ST2L, were obtained when normal T
cells cultured with 1/2D-M� in the transwells were recul-
tured in fresh complete medium supplemented with IL-2 for
an additional 7 days. Also, normal T cells, which were

stimulated with 30 ng/mL rMCP-1 for 24 hours and recul-
tured in fresh complete medium with IL-2 for an additional
7 days, produced IL-4 and IL-10 into their culture fluids and
expressed ST2L mRNA (data not shown). These results
indicate that MCP-1 initiates the generation of type 2 T cells
and is released from macrophages, fibroblasts, and neutro-
phils, all of which appear early after thermal injury. Burn-
associated type 2 T-cell responses may be subsequently
established through the function of these type 2 T cells.

Multiple pathways appear to be involved in the initiation
of the type 2 T-cell responses.29–31 IL-4, IL-10, and IL-13
have all been found to be initiators of type 2 T-cell gener-
ation.32 Modulation of the signaling chain of the IL-12
receptor (IL-12R�2) also results in the generation of type 2
T cells.31 More recently, Gu et al.22 reported that mice
lacking MCP-1 have impaired Th2 responses. Lymph node
cells from immunized MCP-1-/- mice synthesized extremely
low levels of IL-4, IL-5, and IL-10, but normal amounts of
IFN-� and IL-2.22 Also, MCP-1-/- mice did not accomplish
the immunoglobulin subclass switch that is characteristic of
Th2 responses and were resistant to Leishmania major.22

High levels of corticosteroids and prostaglandin E2 are
routinely observed in sera of patients immediately after
thermal injury.33,34 These substances are considered to be
stimulators for the type 2 T-cell generation. Exposure of
Con A-activated CD4� T cells to dexamethasone or pros-
taglandin E2 increases mRNA levels for IL-4, IL-10, and
IL-13.35,36 Also, type 2 T-cell responses are enhanced by
these substances through the inhibition of IL-12 produc-
tion.37 However, the direct role of corticosteroids and pros-
taglandin E2 on the generation of burn-associated type 2 T
cells remains unclear. In the present paper, MCP-1 was
found in sera of mice early after thermal injury. Also, type
2 T cells were established from splenic T cells from normal
mice when they were cultured with 1/2D-M� and subjected
to recultivation for an additional 7 days. In addition, the
levels of IL-4 in sera of thermally injured mice were atten-
uated when they were treated with anti-MCP-1 mAb. In
consideration of the study reported by Gu et al.,22 our data
indicate that MCP-1 found early after thermal injury ini-
tiates the generation of IL-4-producing T cells.

Systemic inflammatory response syndrome (SIRS) and
compensatory antiinflammatory response syndrome (CARS)
have been described in patients with surgical trauma and
severe burn injuries.38–40 Inflammatory responses increase
systemically early after injuries (SIRS). After the appear-
ance of SIRS, however, immune responses are severely
suppressed (CARS).39 In the first stage of SIRS, proinflam-
matory cytokines (TNF-�, IL-1) are produced in response to
the insult.39,40 If the original insult is severe, proinflamma-
tory mediators appear in the systemic circulation. Then,
antiinflammatory cytokines quickly downregulate the initial
inflammation. If mechanisms to regulate the inflammatory
response are not optimized, a massive systemic inflamma-
tory reaction causes early multiple organ failure.39,40 In the
stage of CARS, immune suppression in these patients may

118 Furukawa and Others Ann. Surg. ● July 2002



ultimately occur if large amounts of antiinflammatory me-
diators (eg, IL-4, IL-10, steroids) are produced.39 This in-
dicates that CARS may be strongly developed in thermally
injured patients when burn-associated type 2 T-cell re-
sponses are established. Therefore, the susceptibility of
thermally injured patients to certain infections may be
strongly influenced by CARS. In our study, MCP-1, able to
initiate the development of burn-associated type 2 T-cell
responses, was detected in sera of burned mice. MCP-1 may
play an important role in the development of CARS in
thermally injured patients. Further studies are required to
explore the relationship between the production of MCP-1
and the development of SIRS and CARS associated with
thermal injury.
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